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Abstract 
Finite Element Analysis and Materials Characterization of Changes Due to Aging and 
Degeneration of the Human Intervertebral Disc 
Christopher J. Massey 
Advisor: Michele Marcolongo, Ph.D. 
 
Intervertebral disc (IVD) degeneration occurs with aging, and may be a major 
cause of back pain.  Alterations in major biochemical constituents of the IVD have been 
shown to coincide with aging and degeneration, and can subsequently alter the disc’s 
ability to support load.  A significant biochemical change that takes place in degeneration 
is the loss of proteoglycans (PGs) in the nucleus pulposus (NP).  PGs work to resist 
mechanical forces in the NP through hydration of the molecules, providing hydrostatic 
pressure to the annulus fibrosus (AF).   
Poroelastic theory with osmotic swelling, created for the simulation of articular 
cartilage, is applied to a finite element model (FEM) of a human IVD throughout a daily 
loading cycle.  The model was validated against experimental studies of axial 
displacement, radial bulge, and fluid volume lost.  The incorporation of osmotic swelling 
allows for the study of the effect of PGs on the mechanics of the IVD.   
In this study, the IVD FEM is created and validated, and the response of the 
model to a diurnal loading cycle is investigated.  Various degrees of degeneration are 
examined, as well as the intervention techniques of a hydrogel NP replacement implant 
and the restoration of the PG content in the IVD for the restoration of degenerated discs.  
A NP hydrogel replacement decreases the stresses in the AF, and restoration of the PG 
content reduces stresses in both the NP and AF, which may lead to deceleration of the 
degenerative process. 
xii 
 
To develop a more reliable and possibly diagnostic tool for the determination of 
IVD biomolecular components, Fourier transform infrared (FTIR) spectroscopy is 
investigated for the analysis of IVD tissue.  The results of the study suggest FTIR as a 
dependable method for quantifying degeneration.   
The model developed here provides a novel tool for the investigation of IVD 
tissue mechanics through the diurnal cycle.  The incorporation of poroelastic components 
allows for the investigation of key biomolecular changes that as demonstrated have a 
marked effect on IVD mechanics.  Accurate determination of biomolecular changes in 
the IVD will allow for a physiologically relevant model to be developed and possible 
detection of earlier intervention points. 
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1. Introduction 
 
Lower back pain is a major health care issue, afflicting over five million 
Americans, and is the second leading cause of lost work days in the United States [1].  It 
is the most prevalent musculoskeletal disorder, with a roughly 65-80% lifetime 
prevalence of lower back pain [2, 3].  The symptoms of lower back pain fall into three 
general categories, based on the duration of the pain experienced: short term, long term, 
and permanent.  It is estimated that 28% of the United States population experience 
disabling lower back pain sometime during their lives, 14% experience episodes lasting 
at least two weeks while 8% of the entire working population will be disabled in any 
given year [2, 4, 5].  In the United States alone, the total cost of  lower back disabilities is 
roughly $50 billion per year in the United States alone [6]. 
Lumbar disc degeneration is estimated to account for 75% of lower back pain 
cases, although the causes of lower back pain often remain unclear and may vary from 
patient to patient [1].  By age forty, approximately 1/3 of the population has evidence of 
disc degeneration, based on radiographic studies [7, 8].  By age fifty, a 97% incidence of 
lumbar intervertebral disc degeneration is seen in examinations of cadaver spines [9].  
Sixty to eighty percent of all working adults lose time from work owing to back pain [4].  
The costs to society of lower back pain are enormous, yet pale in comparison to the 
incredible pain and suffering associated with degenerative disc disease for the individual 
patient. 
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The lumbar intervertebral disc rests in between adjacent vertebrae at the inferior 
portion of the spine.  The disc consists of three primary tissues: the nucleus pulposus is 
the gelatinous central core, the fibrous annulus fibrosus surrounds and contains the 
nucleus pulposus, and the endplates separate the intervertebral disc from the 
corresponding adjacent vertebrae.  The nucleus pulposus is predominantly fluid 
(approximately 90% at birth, decreasing to 70% or less) in a matrix of proteoglycans, 
collagen, and other matrix proteins [10-12].  The annulus fibrosus surrounds the nucleus 
pulposus with concentric fibrous layers oriented in alternating directions, and is loaded in 
tension when the nucleus absorbs fluid and swells [10].  The endplates are perforated 
with small channels that allow fluid and nutrients to flow into the intervertebral disc and 
waste products to flow out [6]. 
The role of fluid in the nucleus pulposus is vital to the ability of the intervertebral 
disc to handle loads.  As a healthy disc experiences normal daily loading, a swelling 
pressure is generated inside the nucleus pulposus, transferring the load to the annulus 
fibrosus.  The ability of the nucleus pulposus to absorb and retain fluid is a function of its 
chemical composition, most notably its proteoglycan content [6].  With aging and 
degeneration, the ratio of proteoglycans to collagen decreases, lowering the fluid-binding 
ability of the nucleus pulposus and consequently the capacity to transfer loads through 
the spinal column [11, 12].  As the nucleus pulposus dehydrates and shrinks, the annulus 
is forced to handle higher magnitudes of loading [13].  These excess loads can lead to 
tears in the annulus [14].  If proper healing does not take place, the nucleus may migrate 
from the disc center to the disc periphery through the annulus and push against the spinal 
cord, causing lower back pain [6].  
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Many conservative treatment options, in the form of pharmaceutical agents, exist 
for lower back pain, and are generally aimed at reducing the pain arising from nerve root 
impingement as well as the inflammatory response due to the migration of the nucleus 
pulposus [15].  With these pain-management methods, 90% of patients will recover 
within three months; the remaining 10% are candidates for surgical treatments, including 
discectomy, spinal fusion, total disc replacement, and dynamic stabilization while 
preserving the anatomical structures [16].  Although discectomy and fusion successfully 
relieve pain, they fail to restore the normal biomechanical functions of the spine [17].  
The nucleus is still in a degenerated and dehydrated state, and, consequently, the annulus 
fibers are operating in compression rather than in tension.  Discectomy may generate 
additional stresses and accelerated degeneration within the operated disc, and spinal 
fusion may do the same on the adjacent discs as well as lead to a loss of mobility [18, 
19].  Total disc replacement and dynamic stabilization are capable of restoring the normal 
biomechanical functions of the intervertebral disc, as opposed to discectomy and fusion 
[20-24]. 
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2. Background and Literature Survey 
 
2.1 The Human Spine 
The human vertebral column, or spine, has three main functions: transferring the 
loads and bending moments of the head, trunk, and any external loads to the pelvis; 
allowing sufficient physiological movement and flexibility of the upper body; and, most 
importantly, protecting the spinal cord from danger due to motion and trauma [25].  It 
also serves as protection to other vital internal organs and as a base of attachment for 
upper-body ligaments, tendons, and muscles.  These functions help explain its form and 
structure.  
The spine is composed of thirty-two individual bones called vertebrae and spans 
from the skull to the pelvis.  The vertebrae are stacked on top of each other and are 
grouped into five distinct regions—there are seven cervical vertebrae, twelve thoracic, 
five lumbar, five fused sacral, and three fused vertebrae that make up the coccyx (Figure 
2.1).  From the anterior or posterior perspective, the spine appears to be straight, but the 
dorso-ventral view shows four normal curves that mechanically serve to give the spinal 
column increased flexibility and shock-absorption ability. 
The vertebral body is the primary weight bearing area, and adjacent vertebrae are 
connected by an intervertebral disc (Figure 2.2).  The intervertebral discs are labeled with 
respect to the adjacent vertebral levels.  Thus, the L3/L4 disc is located between the third 
and fourth lumbar vertebrae while the T12/L1 disc is located between the twelfth thoracic 
and first lumbar vertebrae.  The vertebral foramen is the large hole in the center of the 
5 
 
vertebra that is surrounded by lamina, forming the spinal canal.  The spinal cord runs 
through this opening and is protected by it.  The spinous process protrudes from the 
central posterior region of the vertebra and acts as a connection point for ligaments.  
There are pairs of transverse processes which are orthogonal to the spinous process and 
provide attachment for the back muscles.  There are also four facet joints on each 
vertebra that are found in pairs (one superior and one inferior), interlocking with adjacent 
vertebrae to provide stability to the spine.  Lower back pain is associated with the 
degenerative lumbar intervertebral disc disease and, from this point forward, the 
discussion always refers to the lumbar region of the spine, unless otherwise specified. 
Due to the bipedal posture of humans, there are multiple differences between 
people and quadrupedal animals, including tissue composition, anatomy, and mechanical 
properties [26].  Animal models are necessary for researching human biology, however 
the inter-species differences must be considered. 
 
2.2 Intervertebral Disc 
2.2.1 Intervertebral Disc Structure 
The intervertebral disc separates adjacent vertebra and acts as a shock absorber, 
dissipating energy between them under loading.  The disc is the largest avascular tissue in 
the human body, so nutrients enter and waste is removed primarily through diffusion and 
fluid flow [25].  It is composed of three elements: a nucleus pulposus, an annulus 
fibrosus, and the adjacent endplates.  Figure 2.3 shows the parts of the disc in terms of a 
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functional spinal unit, which consists of the disc and both adjacent vertebrae, with the 
corresponding posterior elements of the vertebrae.  When the posterior elements are 
removed, the section is referred to as an anterior column unit. 
The gelatinous nucleus pulposus lies in the middle of the disc, slightly closer to 
the posterior (Figure 2.4).  The nucleus contains a very high percentage of water—
approximately  70 to 90% [25].  Its pliability allows it to change shape easily, which 
accounts for the compressibility and expandability of the disc as a whole.  Proteoglycans 
in the nucleus actively seek out and bond water [27].  Under loading, these bonds can 
break and loose water molecules are expelled from the nucleus [28].  When the load is 
released, water flows back into the disc and bonds with the hydrophilic proteoglycans.  
This produces the swelling action that allows the disc to recover to its original height.  
The number and bonding ability of proteoglycans decrease with age, and the swelling 
capacity of the disc decreases [29].  The size of the nucleus pulposus and its ability to 
swell are greater in the lumbar region, where the applied load levels are higher. 
The annulus fibrosus is the outer section of the disc, gradually differentiating 
itself from the nucleus as it moves from the center to the edges.  The role of the annulus 
is to contain and protect the nucleus.  It is made up of multiple layers of dense fibrous 
tissue and fibrocartilage, which are firmly attached to the ends of the bodies adjoining the 
disc [30].  The fibers of each of these layers run circumferentially, with any two adjacent 
layers running at an angle of approximately ±30 degrees to the horizontal so that their 
fibers cross (Figure 2.5).  When the annulus is compressed, these crosses become shorter 
and broader; when the compression is relieved, they become taller and narrower. 
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The cartilaginous endplates separate the disc from the vertebral bodies.  They are 
composed of a layer of hyaline cartilage, which lays closer to the disc, and a layer of 
cortical bone, which lays closer to the vertebral body.  The permeable endplates are 
perforated by many small channels, which are the main paths of fluid and nutrient flow 
into and out of the nucleus (Figure 2.6) [31].  In addition to serving as a permeable 
membrane that facilitates the diffusion of solutes from the vertebra to the disc, the 
endplate also restrains the nucleus from bulging in the axial direction while absorbing the 
hydrostatic pressure resulting from mechanical loading on the spine. 
Proteoglycans found in the disc actively seek out and attract water, which is then 
expelled under loading [28].  The loss and recovery in spinal height has been attributed to 
the movement of fluid into and out of the disc [32-34].  Figure 2.7 is a graphic of the 
combined functions of the collagen fibers and proteoglycans in cartilage. The collagen 
fibers represent the structure of the cartilage and provide strength.  The aggrecan 
molecules are tied to a hyaluronan backbone, and their sulfated glycosaminoglycan 
(GAG) regions bind free water molecules, resulting in an osmotic pressure.  The driving 
force for the flow of fluid is the change in pressure [11]:  
 
 ∆ܲ ൌ ஺ܲ௣௣௟௜௘ௗ െ ைܲ௦௠௢௧௜௖ (2.1)
 
 
If ΔP is greater than zero, a net expulsion of water occurs.  Conversely, when ΔP is 
negative, water is drawn into the disc.  This osmotic pressure is what determines the final 
hydration level in the disc.  The mechanical behavior of the disc is dictated to a large 
extent by its proteoglycan content [35]. 
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2.2.2 Intervertebral Disc Mechanics & the Diurnal Cycle 
During a diurnal cycle (a daily 24-hour period), the disc experiences 
approximately sixteen hours of heavy loading, which is a combination of physiological 
effects and external loads, as well as eight hours of light loading during sleep.  Even 
while supine, the spine undergoes a small amount of compression due to the muscles and 
ligaments of the back.  During the loading period, fluid is slowly expelled from the disc 
due to the increased pressure in the nucleus pulposus, primarily through the endplates and 
into the vertebrae but also out of the annulus.  Once the loading is reduced, fluid returns 
to the nucleus due to the large osmotic pressure gradient. 
The intervertebral disc transmits and distributes large loads on the spine, while 
allowing for the necessary flexibility of the structure.  The intervertebral disc exhibits 
both static and time-dependent mechanical characteristics, the latter due to the transport 
of fluid into and out of the disc [25, 36, 37].  Although the disc experiences many types 
of loading situations including tension and bending, it is the main compression-carrying 
component of the spine, so primarily, the material properties in compression are 
discussed [25, 38].  
Linear elastic materials are defined by two parameters: the Young’s modulus, E, 
and the Poisson’s ratio, ν [39].  These values are generally acquired by means of an axial 
compression test, with which a stress-strain curve is produced. The slope of the linear 
portion of this curve produces the Young’s modulus, in units of stress as strain is a 
unitless ratio.  The Poisson’s ratio is defined as the negative of the ratio of lateral strain to 
axial strain [39].  As a material is loaded in compression, it deforms a certain amount in 
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the axial direction (same axis as the load), as well as in the lateral direction 
(perpendicular to the load).  The relationship between these two strain values helps 
express how the material responds to loading.  
In the biphasic theory utilized for simulations, the properties that characterize the 
time-dependency of the mechanical response are permeability and void ratio [40].  
Permeability is the ability for fluid to flow through the material [41].  A higher 
permeability value means that a fluid can flow through the structure more easily.  Voids 
ratio is the ratio of the volume of the voids (pores) to the volume of the solid section [41].  
A higher voids ratio signifies a more porous structure.  For example, a material with 50% 
solid and 50% fluid has a voids ratio of 1.0.   
When the disc is loaded in compression, the nucleus pulposus deforms to 
establish an equilibrating pressure between the annulus fibrosus and the endplates.  The 
fibers in the annulus fibrosus are loaded in tension as the nucleus pulposus expands, 
helping to contain the nucleus pulposus and sustain its pressure. 
 
2.3 Degenerative Disc Disease 
Significant changes occur in the lumbar disc components with age.  Disc 
degeneration is believed to be the main cause of lower back pain [1].  With the general 
wear experienced by the intervertebral disc combined with the natural progression of 
aging, the disc undergoes degeneration.  This degeneration consists of the loss of fluid in 
the nucleus pulposus and the resulting stiffening of the annulus fibrosus.  It is difficult to 
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differentiate between the effects of aging from that of degeneration on the biomechanical 
behavior of the lumbar disc.  The biomechanical behavior of the disc is dependent upon 
its state of degeneration which in turn depends upon the age.  It was observed that by age 
50, almost all lumbar intervertebral discs (97%) are degenerated with the most 
degenerated segments found to be the L3-L4 through L5-S1, though not all are 
symptomatic [9]. 
In a healthy disc, the water content of the annulus fibrosus is roughly 70% and 
that of the nucleus pulposus is approximately 90% [42, 43].  The water content of the 
nucleus can decrease to as low as 70% or less [42, 44], transforming from a gelatinous 
substance into a more solid-like structure, accompanied by a further decrease in the 
number of healthy nucleus pulposus cells.  In the annulus fibrosus, macroscopic changes 
are not readily discernible until later in the degenerative process.  However, microscopic 
changes such as fragmentation of fibers, mucinous degeneration of fibers leading to cyst 
formation and focal aggregation if the collagen to form round aggregates of amorphous 
material, are observed in early stage of degeneration [45].   
Reduction in the height of intervertebral discs occurs during adult life as the water 
content of the nucleus decreases.  This disc narrowing is also associated with radial 
bulging of the annulus towards the circumference of the disc, as shown in Figure 2.9 [46].  
Loss of disc height is clinically important because it eventually leads to nerve root 
impingement, causing radicular pain [47-49].  With time, the nucleus pulposus loses its 
gel-like properties and becomes less hydrated and more fibrous, decreasing its ability to 
transmit loads.  As a result, a larger share of the load is sustained by the annulus, which 
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then experiences its own degeneration.  Disc degeneration is primarily characterized by 
the loss of hydration in the nucleus pulposus, gradual disappearance of the originally 
well-defined border between the nucleus and annulus, coarsening of the individual 
annulus lamellae, increased fibrosis and later fissuring of the annulus [50-53].  The 
Thompson scale of degeneration of the intervertebral disc is one of the standards of 
grading diseased discs [54].  This grading scheme is summarized in Table 2.1, with 
descriptions of the state of each component tissue (nucleus pulposus, annulus fibrosus, 
endplates, and vertebral bodies) at each of grades 1 through 5.  
With age and degeneration, total proteoglycan content decreases while the ratio of 
keratin sulfate to chondroitin sulfate increases [55, 56].  It is suggested that degradation 
occurs in the hyaluronic acid binding region and that proteoglycan synthesis slows [57].  
The decrease in proteoglycan content likely results from cell death due to a lower pH 
value in the disc [49].  Because of this, the nucleus is unable to retain enough water for 
the proper generation of intradiscal pressure, altering tissue creep response [58, 59].  The 
stress distribution in the annulus is also altered significantly.  Figure 2.9 shows the load 
transfer mechanism for the case of a healthy disc versus a degenerated one [25].  With 
degeneration, the annulus is no longer placed in tension by the hydrostatic pressure in the 
nucleus, and is now operating primarily in compression [60].  Essentially, the nucleus 
does not perform its function of load transfer and the load transfer occurs through an 
endplate-annulus-endplate route [25].  The annulus is now subjected to increased 
compressive stresses, although it is naturally structured to support tensile stresses.  
Because of this altered load state, the annulus is more prone to injuries and fissures first 
develop [61]. 
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If these fissures extend radially to the exterior of the annulus, the nucleus may 
migrate through the developed crack, which is referred to as herniation.  The migrated 
material may impinge on the nerve root, causing pain and eliciting an inflammatory 
response due to the avascular nature of the nucleus [47].  The reduction in disc volume 
leads to instability, resulting in the growth of bone, endplates and ligaments to 
compensate for this volume loss (spinal stenosis).  Figure 2.8 shows the varying stages of 
herniation.  Initially, the annulus fibrosus weakens at the point of contact with the nucleus 
pulposus and a tear begins to propagate radially.  In Stage 2, the tear has crept to the outer 
boundary of the annulus, and by Stage 3 the nucleus begins to leak from the disc, putting 
pressure on the spinal cord.  Stage 4 herniation is a fully-torn annulus, and the nucleus is 
free to expand and leave its environment, causing further pressure on the spinal cord and 
a total loss of disc biomechanical function. 
Genetics heavily influence disc degeneration, as researched by experimenting on 
identical and fraternal twins [62].  Heritability was found to be 74% in the lumbar spine 
and 73% in the cervical region.  The genetic contribution of severe degeneration was 
determined to be 74% for the lumbar region.  
 
2.4. Treatment Options 
There are multiple levels of treatment for lower back pain and disc degeneration, 
with the most conservative treatment being simple bed rest.  This helps in the reduction 
of the intradiscal pressure; however, this treatment is only effective for very early stage 
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disease patients and does not provide much benefit when the pain/disease stage is severe.  
In addition, it may lead to muscle atrophy and deconditioning, further exasperating the 
problem.  There are many drugs including muscle relaxants, sedatives, and analgesics to 
alleviate lower back pain.  Other treatments such as ultrasound, chiropractic therapy, 
electrotherapy, and magnetic fields are also in use.  However, the effects of these 
treatments are temporary and, more importantly, do not treat the root cause of lower back 
pain.  Approximately 90% of patients will recover in 3 months with conservative 
treatment, however, when these treatments fail, the patient is generally referred for 
surgery [16]. 
The most popular surgical treatments for lower back pain are discectomy and 
spinal fusion.  Discectomy is employed when disc herniation occurs and the migrated 
nucleus is impinging on the nerve root, causing back pain.  The portion of the nucleus 
pulposus and part of the annulus that are impinging are excised in order to relieve the 
pressure on the nerve root, with 85-92% of patients reported satisfactory outcomes, and 
fewer than 2% requiring a second surgery [17].  However, the aim of this procedure is to 
reduce back pain, not to restore the normal intervertebral disc mechanics [63].  The 
nucleus pulposus is still dehydrated and the annulus remains under compressive stress.  
Furthermore, after discectomy, the operated disc may experience additional stress leading 
to increased degeneration. 
When the annulus is severely damaged and back pain becomes chronic, spinal 
fusion is often prescribed.  This procedure involves inducing bone growth across the 
adjacent vertebrae in order to eliminate the pain by immobilizing the vertebrae.  This 
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reduces back pain and eliminates disc loading, but at the cost of mobility of the patient.  
The aim of this approach is, once again, to reduce back pain, not to restore the normal 
intervertebral disc biomechanics.  The results of spinal fusion vary extensively.  Also, the 
lack of motion within segments can lead to further degeneration of the adjacent discs, 
creating more instability and pain [64].  In one long-term study of fusion, it was found 
that 44% of the patients were currently still experiencing low back pain, 50% had back 
pain within the previous year, 53% were on medications, 5% had late sequel secondary to 
surgery, and 15% had repeat lumbar surgery [65].  These deficits suggest the need for 
new, more effective alternatives to treat and cure lower back pain. 
The motivation behind exploration of better solutions for the treatment of lower 
back pain is the failure of current treatments, both conservative and surgical, in terms of 
the restoration of the disc height and normal disc biomechanics.  This is further 
aggravated by the complications that may occur after the surgical treatments, such as 
discectomy and/or spinal fusion. 
Total disc replacement, where an entire diseased disc is removed and replaced by 
a synthetic implant, is an emerging approach as an alternative to current surgical 
procedures.  This approach targets later stages of disc degeneration, where the annulus is 
severely degenerated and is beyond repair [66].  A similar approach for total knee and hip 
replacement is highly successful.  Disc replacement may serve both to eliminate lower 
back pain and to restore normal physiological motion.  From a biomechanical standpoint, 
a total disc prosthesis would be a better option to spinal fusion or discectomy, as it allows 
the physiological motion between the adjacent vertebrae.  In addition, the effectiveness of 
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the surgery will not be dependent on the integrity of the annulus, which is likely 
weakened or damaged due to degeneration [6].  However, total disc prostheses are 
susceptible to the inherent problems in the composite materials, such as wear and weak 
interfacial bonding [67].  To simulate the natural structure and function of the 
intervertebral disc, total disc prostheses should also have adequate fixation to the 
vertebral endplate and vertebrae. 
The other potential approach is nucleus pulposus replacement, where only the 
nucleus portion of the disc is replaced either by a synthetic implant or recreated using 
tissue engineering techniques.  This procedure is designed for an earlier stage of 
degeneration in which the annulus is still intact.  The nucleus pulposus is a major 
component of the intervertebral disc and is actively involved in the disc function and load 
transfer mechanism.  It is also involved with the pathological changes of the disc.  
Researchers began to consider the nucleus replacement because of the benefits associated 
with it compared to the total disc replacement. 
The advantages of the nucleus replacement, either by a synthetic material or by 
tissue engineering approach, are significant.  The annulus fibrosus and the endplates 
remain intact, preserving the tissue’s natural structure and also its function.  The 
complexity involved in the design and implantation of the total disc replacement are 
avoided.  This approach would also be less invasive than a total disc replacement, and the 
major problem of implant fixation to the vertebrae through the endplate does not occur.  
The time required for this procedure would be much shorter compared to the total disc 
replacement and may approach the time required for a discectomy [6].  Nucleus 
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replacement aims for the restoration of normal disc mechanics and function, as opposed 
to the current surgical procedures of discectomy and the spinal fusion, as discussed 
previously [68-71]. 
A primary goal of the tissue engineering techniques to regenerate the degenerated 
nucleus pulposus is to increase the fluid-binding components in order to re-establish the 
interior fluid pressure, which is so vital to the compressive load transfer responsibilities 
of the disc.  
 
2.5 Finite Element Modeling of the Human Intervertebral Disc 
The mechanical response of the intervertebral disc to various loading situations 
can be studied through in vivo and in vitro testing.  However, each of these methods has 
limitations which make it difficult to accurately interpret the results, including the 
inability to accurately evaluate internal stresses and strains, and the limitation of studying 
the influx and efflux of fluid.  Numerical modeling techniques add another dimension to 
the analysis, supplementing the experimental studies in an attempt to derive a clear 
theoretical understanding of the mechanical behavior of the disc. A key benefit of 
establishing a working numerical model is in the reproducibility of experiments.  The 
measured material properties of cadaveric discs vary widely from cadaver to cadaver, by 
position along the spine, and even depending on location within a single intervertebral 
disc.  Every test specimen is different in terms of its mechanical behavior because of the 
biological variation with age, sex, disc level, work habits, and loading history it had 
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endured.  An accurate simulation allows parametric studies to be performed to determine 
the importance of various material properties to the overall system over a physiological 
range, while keeping the remaining properties static, which is impossible experimentally.   
Fluid flow is the primary mechanism of the biomechanical function of the disc, 
but there is no clear understanding of this phenomenon since it is difficult to measure 
experimentally.  Recent attempts at studying in vitro fluid flow have been made using 
high resolution magnetic resonance imaging (MRI) [72-74].  However, a functional 
model would form a stable foundation for further study.  Perhaps more importantly, a 
model is often cheaper, more controllable, and easier to work with than running 
experiments in a lab.  For all of these reasons, there is tremendous motivation to derive a 
proper working model of the disc.  
Considering the complex structure of the intervertebral disc and the diverse 
stresses to which it is subjected under physiological loading conditions, it is clear that 
experimental techniques alone are not sufficient to fully characterize the overall 
mechanical behavior of the motion segment.  This was corroborated by the technical 
complexities which precluded the measurement of the stress state, deformation, and disc 
bulge at different locations throughout the motion segment.  This provided the motivation 
for the development of numerical methods such as finite element analysis to expand 
experimental data in order to characterize the intervertebral disc parameters, which may 
be difficult to measure experimentally. 
The finite element method was originally developed to design and analyze 
engineering structures, but major advances in computational technology have allowed for 
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more complex simulations.  Representing the intervertebral disc in a finite element model 
is a difficult task.  An ideal model would need to include accurate geometry and material 
properties, as well as appropriate boundary conditions. 
Some assumptions must be made in order to model the disc.  In this case, 
geometrical simplifications are the primary concessions, and could pose as a limit to the 
analysis.  The intervertebral disc is symmetric about the transverse (head-toe) and sagittal 
(left-right) planes, but not about the coronal (front-back).  Ignoring this restraint allows 
the disc to be treated as a cylinder, which can then be sliced radially into an infinite 
number of planes.  Theoretically, the reactions in each of these planes should be identical 
and additive, so modeling one plane sufficiently describes a three-dimensional solid with 
a two-dimensional model.  This is the basis for what is known as the axisymmetric 
technique, and the cross section can be revolved 360 degrees to portray the entire 
structure.  
The finite element method has been utilized by many researchers to simulate 
intervertebral disc mechanics, beginning in the late 1970’s.  Belytschko et al. were the 
first to use the finite element method for understanding intervertebral disc mechanics 
[75].  The disc-body unit was assumed to be an axisymmetric object and the annulus was 
treated as a linear orthotropic material.  This model was later expanded to accommodate 
the nonlinear, orthotropic properties of the annulus [76].  Values of the required 
properties of the annulus were found by matching the predicted load-displacement 
behavior with the corresponding experimental load-displacement behavior.  A different 
approach was followed by Lin et al., in which the annulus was defined as a linear 
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orthotropic material [77].  The required parameters of the annulus were determined by 
using an optimization scheme.  Spilker reported the results of a parametric study based on 
a simple model of the disc, where the annulus was defined as a linear isotropic material 
[78].   
The first attempt to make a realistic finite element model of the lumbar 
intervertebral disc considering the composite nature of the annulus fibrosus was made by 
Shirazi-Adl et al. [60].  For the first time, this model accounted for both material and 
geometric nonlinearities along with the representation of the annulus as a composite of 
collagenous fibers embedded in a matrix of ground substance.  The nucleus was modeled 
as an incompressible, inviscid fluid.  This model was compared to the experimental 
observations of load-displacement behavior, disc bulge, endplate bulge and intradiscal 
pressure.  The stress distribution and strains in the cortical/cancellous bones, endplates, 
annulus fibers, and annulus ground substance were reported under compressive load.  It 
was found that with a fully incompressible nucleus, the most vulnerable elements under 
the compressive loads are the cancellous bone and the endplate adjacent to the nucleus.  
Although this model was a milestone in the finite element modeling of the lumbar 
intervertebral disc, their modeling approach raises a couple of concerns.  This model 
takes into account two extreme conditions of intervertebral disc, for nucleus pulposus 
definition, either as an incompressible fluid or totally devoid of a nucleus.  However, in 
reality, the nucleus is neither an incompressible fluid, nor is it totally removed for most of 
the patients [79].   
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These viscoelastic and hyperelastic models do not differentiate between the solid 
and fluid phases of the material, and therefore cannot identify the time-dependent role of 
the interstitial fluid in the biomechanics of the intervertebral disc.  The nucleus pulposus 
structure is actually gelatinous and is somewhere in between a solid and a fluid, with 
almost incompressible properties, and it exhibits significant viscoelastic behavior—a 
function of rate of loading [79-81].  Similarly, the annulus of every disc is different and 
thus precludes the common definition of the annulus with certain number of lamellar 
layers in a matrix substance.  The type of collagen in the annulus also changes with age, 
thus altering its mechanical properties.  The model was also expanded to simulate the 
changes in the fluid content of the human lumbar discs [82].  Changes in the nucleus 
volume directly affected the resulting intradiscal pressure.  Loss of fluid content 
increased the contact forces on the facet joints and surprisingly, diminished the tensile 
forces in the annulus fiber layers.  In general, it was observed that the fluid gain increased 
the segmental stiffness while the overall stiffness was reduced with loss of fluid.  This 
model supported the hypothesis that a loss of nucleus fluid would alter the normal 
mechanical function of the nucleus and would expose the annulus layers to lateral 
instability and disintegration.  Such abnormal stress state of the annulus would lead to 
further degeneration of the disc.  
Ferguson et. al. created a poroelastic model of the intervertebral disc to analyze 
fluid flow and transport of solutes into the disc via diffusion and convection [83].  
Biphasic and poroelastic models were first developed and used for modeling of articular 
cartilage [40, 84-86].  Application of these constitutive theories towards the intervertebral 
disc soon followed [87-91].  In recent years, several alterations to these basic numerical 
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procedures have been discovered, including poro-viscoelasticity, which treats the solid 
phase as a viscoelastic material rather than a linear elastic one [85, 92-98]; and the 
incorporation of the effects of fixed charge density and osmotic swelling into a biphasic 
or poroelastic model [92, 99-102]. 
 
2.6 Biphasic Theory and Osmotic Swelling 
The biphasic theory, and its application to biomechanical modeling of tissue, has 
been shown to adequately model articular cartilage using current finite element software, 
including ABAQUS [86, 103-105].  More recently, the effects of osmotic swelling have 
been incorporated into the biphasic theory for cartilage [92-94, 99, 106, 107]. 
In the standard biphasic theory, the total stress (σtotal) is calculated as: 
 σtotal ൌ ‐p · I ൅ nsolid · σsolid ൌ ‐p ·I ൅ 
nsolid,0
J
·σsolid (1.2)
where p is the hydrostatic pressure, I is the unit tensor, nsolid is the solid volume fraction, 
σsolid is the effective solid stress, and J is the volumetric deformation, which is defined as 
the determinant of the deformation tensor [40, 99, 107].  Typically, the effective stress 
relies solely on the deformation of the tissue.   
When osmotic swelling is included, the total stress becomes:  
 σtotal ൌ ‐µfluid · I ൅ nsolid,0 σsolid ‐ ∆π ·I (1.3)
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where μf is the water chemical potential and Δπ is the osmotic pressure gradient [92, 99, 
107].  The pore pressure, p, in the biphasic model is replaced with the chemical potential 
and the osmotic pressure.   
The solid matrix can be modeled using various constitutive models.  A simple 
Hookean model can be used to describe a linear elastic material.  In this case, the solid 
stress is given by 
 σsolid ൌ CM : ε4  (1.4)
where 4CM is the fourth-order stiffness tensor.  The logarithmic strain tensor ε can be 
written as:  
 εൌ ln √Bൌ 1
2
ln Bൌ 1
2
ln F·FT. (1.5)
where B is the left Cauchy Green deformation tensor, and F is the deformation tensor. 
However, the linear elastic model does not capture the compression-tension 
nonlinearity of the non-fibrillar solid matrix of biological tissue [100].  Therefore, a 
compressible neo-Hookean model is used: 
 
σൌ 
1
2
K ൬J ‐
1
J
൰ I൅ 
G
J
ቀB ‐ J
2
3ൗ Iቁ (1.6)
where K is the bulk modulus and G is the shear modulus [100].  Both of these moduli 
values can be expressed as functions of the Young’s modulus, E, and the Poisson’s ratio, 
ν, as: 
 
K ൌ 
E
3ሺ1 ‐ 2νሻ (1.7)
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G ൌ 
E
2ሺ1 ൅ νሻ (1.8)
Although the solid itself is virtually incompressible, due to its porous structure the entire 
solid matrix is compressible.  As fluid is expelled, the pore sizes decrease and the solid 
fraction increases.  If all of the fluid is expelled, there are no more pores and the solid 
fraction has become 1.  
Unfortunately, when experiencing large compressive strains, this model is not 
adequate, and a slightly different neo-Hookean model has been used [92]: 
 
σൌ K 
lnሺܬሻ
J
I൅ 
G
J
ቀB‐J
2
3ൗ Iቁ (1.9)
The effect of osmotic swelling is the other key component to the mechanical behavior of 
soft tissue.  Due to the fixed charges inside the tissue matrix, the cation concentration 
inside the tissue is higher than in the surrounding synovial fluid [35].  This excess of ion 
particles within the matrix creates the driving force for fluid flow, a pressure referred to 
as Donnan osmotic pressure: 
 ∆ߨ ൌ ߨ௜௡௧௘௥௡௔௟ െ ߨ௘௫௧௘௥௡௔௟  (1.10)
The internal and the external osmotic pressures are defined as: 
 ߨ௜௡௧ൌφintRTሺcint൅ ൅cint‐ ሻ (1.11)
 πextൌφextRTሺcext൅ ൅cext‐ ሻൌ2φextRTcext (1.12)
where φ is the osmotic coefficient, R is the gas constant, T is the absolute temperature, 
cext is the external salt concentration, and c+ and c- are the concentrations of mobile 
cations and anions, respectively.  The external environment can be considered as a sink, 
allowing for the assumption that the osmotic components equilibrate instantaneously.  In 
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this case, only the ion concentrations in equilibrium have to be determined [100, 108].  
These equilibrium concentrations are given by 
 
ܿ௜௡௧
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ଶ ൅ 4
൫ߛ௘௫௧
േ ൯
ଶ
൫ߛ௜௡௧
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ଶ ܿ௘௫௧
ଶ
2
 
(1.13)
where cext is the external salt concentration, cF is the fixed charge density, and γ± are the 
activity coefficients.  The osmotic pressure gradient then becomes: 
 ∆ߨൌφintRT ቌඨܿிଶ ൅ 4 ൫ఊ೐ೣ೟
േ ൯
మ
൫ఊ೔೙೟
േ ൯
మ ܿ௘௫௧
ଶ ቍ-2φextRTcext (1.14)
When assuming that the activity coefficients (γ±) are equal, and the osmotic coefficients 
(φ), external salt concentration and temperature remain constant, the only non-constant in 
this equation is the fixed charge density, which can be expressed as a function of the 
tissue deformation: 
 ܿி ൌ ܿி,଴
݊௙௟௨௜ௗ,଴
݊௙௟௨௜ௗ,଴ െ 1 ൅ ܬ
 (1.15)
where nf,0 is the initial fluid fraction, cF,0 is the initial fixed charge density [92, 93, 99, 
100, 106, 107, 109].  Therefore, the osmotic pressure in equilibrium is only a function of 
the deformation tensor. 
Fluid flow is dependent on the hydrostatic fluid pressure, the fluid fraction, and 
the hydraulic permeability of the tissue through Darcy’s law: 
 ݊௙൫ݒԦ௙ െ ݒԦ௦൯ ൌ െ݇׏݌ (1.16)
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where nf is the fluid fraction, ׏݌ is the pore pressure gradient, k is the hydraulic 
permeability, and ݒሬԦ݂ and ݒሬԦݏ are the velocities of the fluid and solid phases, respectively. 
As the tissue compresses, the channels through which fluid flows are altered in size and 
shape.  Therefore, the permeability is dependent on the deformation of the tissue, with several 
potential variations in describing this strain-dependent permeability [84, 110, 111].  In Wilson et 
al., the permeability is given as: 
 ݇ ൌ ݇଴ ቆ
1 െ ݊௙,଴
1 െ ݊௙
ቇ
ெ
ൌ ݇଴ܬெ (1.17)
where k0 is the initial permeability, M is a positive constant, and nf and nf,0 are the current 
and initial fluid fractions, respectively [92-94, 106, 111]. 
 
2.7 Fourier Transform Infrared Spectroscopy of Biological Tissue 
Fourier transform infrared (FTIR) spectroscopy is a non-destructive method of 
analyzing the chemistry of a material that provides detailed molecular information by 
measuring the vibrations of covalent bonds within the sample.  In reaction to the supplied 
energy, these bonds vibrate and absorb various wavelengths of light based on multiple 
factors, including the atoms bonded, the type of bonding (single, double, etc), the type of 
vibration (stretching, bending, etc.), and any interactions within the molecule or with 
other molecules (intra- and inter-molecular).  The intensity of the absorbed light is 
proportionally related to the concentration of the molecules present which contain that 
particular bond by the Beer-Lambert Law: 
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where A is the absorbance, ε is the molar absorptivity, l is the path length through the 
sample, and c is the concentration of the absorbing molecule.  The absorbance is 
measured by the relationship between the intensity of the incident light, I0 and the light 
that reaches the detector, I.   
Therefore, infrared spectra supply information on the composition, structure, 
environment, and quantity of all infrared-active materials present in a sample.  In order 
for a bond to be infrared-active, the dipole moment of the molecule must change. 
FTIR spectroscopy may provide a powerful tool to monitor changes in 
intervertebral disc constituents with aging and degeneration.  Biochemical assays are the 
traditional method for tissue analysis of this type, however they require destruction of the 
sample via extraction and digestion.  FTIR has been used to investigate the chemical 
nature of many biomolecules and biological tissues, including bone and cartilage, and can 
thus be employed with intervertebral disc tissue [112-128].  Using this method to analyze 
biological tissue allows for the study of degeneration and disease states, as changes in 
tissue biochemistry are either the cause or effect of tissue deterioration, and can be seen 
as differences in the spectral signature when compared to that of a healthy specimen 
[113].   
Camacho et. al. previously developed a method for using FTIR to identify the 
specific biomolecular components of bovine cartilage [122].  The components of bovine 
cartilage are similar to that of intervertebral disc tissue, containing collagen and 
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proteoglycans.  Using the individual IR spectra for each component, FTIR was then used 
to identify these species within the spectra of the intact cartilage.  Similarly, the objective 
of this study was to demonstrate the efficacy of FTIR as a technique for detecting the 
major components of the intervertebral disc and discerning subsequent changes to 
intervertebral disc tissue brought about by enzymatic digestion, aging and degeneration.  
The advantages of FTIR spectroscopy over other common methods of 
biochemical analysis, such as assays, are that it is cheaper, quicker, more sensitive, and 
non-destructive.  Although the technique itself requires tissue to be removed from the 
subject via biopsy, the flexibility in sample preparation allows for the possibility of the 
specimen to remain intact throughout testing.  In addition, recent advancements allow for 
in vitro testing using FTIR spectroscopy [129, 130].   
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Figure 2.1: Schematic of the regions of the human spine with respect to the vertebrae and corresponding 
intervertebral discs [131] 
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Figure 2.2: Schematic of the parts of the lumbar vertebrae [132] 
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Figure 2.3: Photograph of an anterior column unit, consisting of an intervertebral disc and its corresponding 
vertebrae, with the posterior elements removed 
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Figure 2.4: Schematic of the nucleus pulposus and annulus fibrosus of the intervertebral disc [133] 
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Figure 2.5: Schematic of the fiber directions in the lamellae of the annulus fibrosus [134] 
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Figure 2.6: Flow paths through marrow contact channels in the bony endplate [135] 
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Figure 2.7: Relationship and function of proteoglycans and collagen in cartilage [136] 
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Figure 2.8: Stages of disc herniation, progressing from a weakness in the annulus fibrosus to full release of the 
nucleus pulposus [132] 
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Figure 2.9: The load transfer mechanism for the case of a healthy disc versus a degenerated one [25] 
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Table 2.1: The Thompson scale for measuring degeneration of the human intervertebral disc [54] 
Grade Nucleus Pulposus Annulus Fibrosus Endplates Vertebral Body 
I Bulging gel 
Discrete fibrous 
lamellae 
Hyaline, uniformly thick Margins rounded 
II 
White fibrous 
tissue 
peripherally 
Mucinous material 
between lamellae 
Thickness irregular Margins pointed 
III 
Consolidated 
fibrous tissue 
Extensive mucinous 
infiltration; loss of 
anular-nuclear 
demarcation 
Focal defects in cartilage 
Early 
chondrophytes or 
osteophytes at 
margins 
IV 
Horizontal clefts 
parallel to 
endplate 
Focal disruptions 
Fibrocartilage extending from 
subchondral bone; irregularity 
and focal sclerosis in 
subchondral bone 
Osteophytes less 
than 2 mm 
V Clefts extend through nucleus and annulus Diffuse Sclerosis 
Osteophytes greater 
than 2 mm 
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3. Objective and Specific Aims 
 
The objective of this work is to numerically study the changes in the biochemical 
makeup of intervertebral disc tissue through the creation of a biphasic, poroelastic finite 
element model of the intervertebral disc, with incorporated osmotically-induced swelling. 
Specifically, the analyses look into how tissue degeneration affects the diurnal time-
dependent behavior of the disc under compression, as well as the effect of implantation of 
a hydrogel nucleus pulposus replacement on the biomechanical response of the 
intervertebral disc.  Also investigated are the alterations to the biochemistry of 
intervertebral disc tissue during degeneration, using Fourier transform infrared 
spectroscopy. 
I propose the following specific aims: 
a) Specific Aim 1 (Chapter 4) 
• To develop an axisymmetric finite element model of a anterior column 
unit, consisting of a nucleus pulposus, an annulus fibrosus, two endplates, 
and two vertebrae, as this is the base unit of the spine and what is 
generally tested experimentally.  This is accomplished using biphasic 
theory already pre-defined in ABAQUS, as well as the inclusion of 
osmotic pressure via a User-Defined Material (UMAT) based on the fixed 
charge densities of the tissues to incorporate the effect of osmotic 
swelling.  Also, to perform an in-depth parametric study on the results of 
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axial displacement, radial displacement of the nucleus pulposus and 
annulus fibrosus, and fluid loss of the intervertebral disc 
 
b) Specific Aim 2 (Chapter 5) 
• To study the effects of degeneration on the anterior column unit system by 
adjusting the material properties of the nucleus pulposus and annulus 
fibrosus that are seen with age and degeneration 
 
c) Specific Aim 3 (Chapter 6) 
• To investigate the consequences of denucleation of the degenerated 
nucleus pulposus tissue, as well as the effects of implantation of a PVA 
hydrogel nucleus pulposus replacement 
 
d) Specific Aim 4 (Chapter 7) 
• To use Fourier Transform Infrared Spectroscopy (FTIR) to establish a 
system for analyzing the molecular makeup of the primary components of 
intervertebral disc tissue in an effort to better understand the material 
properties of intervertebral disc tissue 
 
e) Specific Aim 5 (Chapter 8) 
• To study the effect of the re-invigoration of the degenerated intervertebral 
disc tissue with hydrophilic proteoglycans to attempt to recover the fluid 
pressure that is lost with degeneration 
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4. Development of a Finite Element Model of the Human Intervertebral Disc using 
Biphasic Theory with Incorporated Osmotic Swelling 
 
4.1 Introduction 
Lower back pain is a major health care issue, afflicting over five million 
Americans, and is the second leading cause of lost work days in the United States [1].  At 
some point during their lives, 70-85% of the general population will likely experience 
lower back pain [137].  Lumbar intervertebral disc degeneration is estimated to account 
for 75% of lower back pain cases, although the causes of lower back pain often remain 
unclear and may vary from patient to patient [1].   
The lumbar intervertebral disc rests in between adjacent vertebrae at the inferior 
portion of the spine.  The disc consists of three primary tissues: the nucleus pulposus is 
the gelatinous central core, the fibrous annulus fibrosus surrounds and contains the 
nucleus pulposus, and the endplates separate the intervertebral disc from the 
corresponding adjacent vertebrae.  The nucleus pulposus is predominantly fluid 
(approximately 90% at birth, decreasing to 70% or less) in a matrix of proteoglycans, 
collagen, and other matrix proteins [79, 138, 139].  The annulus fibrosus surrounds the 
nucleus pulposus with successive fibrous layers oriented in alternating directions, and is 
loaded in tension when the nucleus absorbs water and swells [10].  The endplates are 
perforated with small channels that allow water and nutrients to flow into the 
intervertebral disc and waste products to flow out [6]. 
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During a diurnal cycle, the intervertebral disc experiences approximately 16 hours 
of functional loading (standing, sitting, etc.), followed by 8 hours of recovery (lying 
prone).  Therefore, the fluid lost during the functional loading period must be replenished 
in half the time.  As the disc is compressed and fluid is exuded, the density of the fixed 
charges within the nucleus pulposus is increased, creating an osmotic gradient with the 
interstitial fluids surrounding the disc.  This osmotic potential aids in drawing fluid back 
into the disc. 
Intervertebral disc tissue is a biphasic material consisting of a solid matrix phase 
and an interstitial fluid phase.  The role of fluid in the nucleus pulposus is vital to the 
intervertebral disc’s ability to handle loads. As a healthy disc experiences normal daily 
loading, a swelling pressure is generated inside the nucleus pulposus, transferring the 
load to the annulus fibrosus. The ability of the nucleus pulposus to absorb and retain 
water is a function of its chemical composition, most notably its proteoglycan content [6]. 
The biphasic model, which incorporates a fluid phase into the solid phase, was 
first proposed by Mow et al. for the purpose of modeling articular cartilage [40], and was 
later incorporated into a finite element model by Spilker et al. [84].  The poroelastic 
model also treats the tissue as a two-phase material; however, the formulations and 
constitutive equations are slightly different [87-90].  The finite element modeling 
software ABAQUS contains an internal procedure for the poroelastic model, which has 
been shown to be equivalent to the biphasic model provided that the fluid phase is 
inviscid and can be used accordingly  [40, 103, 140-142].   
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Poroelastic theory does not account for the effects of swelling due to osmotic 
pressure on the mechanical behavior of the disc.  Fixed negative charges, the result of the 
proteoglycans found in disc tissue, help to draw fluid back into the disc after loading (and 
work to retain the fluid during loading) [11, 28, 34, 35, 59].  Swelling pressure has been 
modeled in various ways, including the triphasic model, which includes an ion phase into 
the standard biphasic theory [102, 143-145], and quadriphasic numerical models that treat 
the tissue as an electrically charged porous solid saturated with an ionic solution [146, 
147].  These attempts at describing the mechanical behavior of tissue have used an 
analytical approach, which involves numerous coefficients that are difficult to measure 
and validate experimentally. 
More recently, Wilson et al. utilized and adjusted the poroelastic theory in 
ABAQUS via user-defined materials to incorporate the effects of osmotic swelling in 
articular cartilage [92-94, 100].  Exploiting the advantages of ABAQUS makes the 
modeling of swelling behavior simpler and computationally less expensive, while 
producing basically the same results as the more complex mechano-electrochemical 
(quadriphasic) models [100].   
We are interested in applying these theories, which were designed primarily for 
articular cartilage, to the intervertebral disc.  Our goal is to develop a better 
understanding of the relationship between proteoglycan content and the mechanical 
stability of the disc.   
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4.2 Methods 
An axisymmetric, osmo-poroelastic model was created using ABAQUS v6.5 
finite element software (SIMULIA, Providence, RI).  The model consists of a nucleus 
pulposus, an annulus fibrosus, cartilaginous and bony portions of the adjacent endplates, 
and cancellous and cortical portions of the corresponding vertebrae (Figure 4.1).  The 
standard poroelastic theory included in ABAQUS is utilized, but a user-defined material 
was incorporated to include the effects of osmotic swelling [92, 94, 100].   
Mechanics 
The biphasic theory, and its application to biomechanical modeling of soft tissue, 
has been shown to adequately model articular cartilage using current finite element 
software, including ABAQUS [86, 103-105].  More recently, the effects of osmotic 
swelling have been incorporated into the biphasic theory for cartilage [92-94, 99, 106, 
107]. 
In the standard biphasic theory, the total stress (σtotal) is calculated as: 
 σtotal ൌ ‐p · I ൅ nsolid · σsolid ൌ ‐p ·I ൅ 
nsolid,0
J
·σsolid (4.1)
where p is the hydrostatic pressure, I is the unit tensor, nsolid is the solid volume fraction, 
σsolid is the effective solid stress, and J is the volumetric deformation, which is defined as 
the determinant of the deformation tensor [40, 99, 107].   
When osmotic swelling is included, the total stress becomes:  
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 σtotal ൌ ‐µfluid · I ൅ nsolid,0 σsolid ‐ ∆π ·I (4.2)
where μf is the water chemical potential and Δπ is the osmotic pressure gradient [92, 99, 
107].  The pore pressure, p, in the biphasic model is replaced with the chemical potential 
and the osmotic pressure.   
When experiencing large compressive strains, a hyperelastic solid model has been 
used to capture the nonlinearity of the non-fibrillar solid matrix of biological tissue [92, 
100].  Therefore, a compressible neo-Hookean model is used: 
 
σൌ K 
lnሺܬሻ
J
I൅ 
G
J
ቀB‐J
2
3ൗ Iቁ (4.3)
where K is the bulk modulus and G is the shear modulus [100].   
The effect of osmotic swelling is the other key component to the mechanical 
behavior of soft tissue.  Due to the fixed charges inside the tissue matrix, the cation 
concentration inside the tissue is higher than in the surrounding synovial fluid [35].  This 
excess of ion particles within the matrix creates the driving force for fluid flow, a 
pressure referred to as Donnan osmotic pressure: 
 ∆ߨ ൌ ߨ௜௡௧௘௥௡௔௟ െ ߨ௘௫௧௘௥௡௔௟  (4.4)
The internal and the external osmotic pressures are defined as: 
 ߨ௜௡௧ൌφintRTሺcint൅ ൅cint‐ ሻ (4.5)
 πextൌφextRTሺcext൅ ൅cext‐ ሻൌ2φextRTcext (4.6)
where φ is the osmotic coefficient, R is the gas constant, T is the absolute temperature, 
cext is the external salt concentration, and c+ and c- are the concentrations of mobile 
cations and anions, respectively.  The external environment can be considered as a sink, 
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allowing for the assumption that the osmotic components equilibrate instantaneously.  In 
this case, only the ion concentrations in equilibrium have to be determined [100, 108].  
These equilibrium concentrations are given by 
 
ܿ௜௡௧
േ ൌ
േܿி ൅ ඨܿி
ଶ ൅ 4
൫ߛ௘௫௧
േ ൯
ଶ
൫ߛ௜௡௧
േ ൯
ଶ ܿ௘௫௧
ଶ
2
 
(4.7)
where cext is the external salt concentration, cF is the fixed charge density, and γ± are the 
activity coefficients.  The osmotic pressure gradient then becomes: 
 ∆ߨൌφintRT ቌඨܿிଶ ൅ 4 ൫ఊ೐ೣ೟
േ ൯
మ
൫ఊ೔೙೟
േ ൯
మ ܿ௘௫௧
ଶ ቍ-2φextRTcext (4.8)
 
The external salt concentration and temperature remain constant and the only 
variable in the equation is the fixed charge density, which is defined as the number of 
fixed charges per unit volume of fluid.  As the time-dependent volume of the tissue 
changes, it is due to fluid entering or leaving since the volume of the solid does not 
change with time.  This allows the fixed charge density to be expressed as a function of 
the tissue deformation:   
 ܿி ൌ ܿி,଴
݊௙௟௨௜ௗ,଴
݊௙௟௨௜ௗ,଴ െ 1 ൅ ܬ
 (4.9)
where nfluid,0 is the initial fluid fraction, cF,0 is the initial fixed charge density [92, 93, 99, 
100, 106, 107, 109].  Therefore, the osmotic pressure in equilibrium is only a function of 
the deformation tensor.  Although the solid itself is virtually incompressible, due to its 
porous structure the entire solid matrix is compressible.  As fluid is expelled, the pore 
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sizes decrease and the solid fraction increases.  If all of the fluid is expelled, there are no 
more pores and the solid fraction has become 1.  
As the tissue compresses, the channels through which fluid flows are altered in size and 
shape.  Therefore, the permeability is dependent on the deformation of the tissue, with several 
potential variations in describing this strain-dependent permeability [84, 110, 111].  In Wilson et 
al., the permeability is given as: 
 ݇ ൌ ݇଴ ቆ
1 െ ݊௙,଴
1 െ ݊௙
ቇ
ெ
ൌ ݇଴ܬெ (4.10)
where k0 is the initial permeability, M is a positive constant, and nf and nf,0 are the current 
and initial fluid fractions, respectively [92-94, 106, 111]. 
Model Creation and Validation 
The geometry of the model is based on measured values of human intervertebral 
discs.  Values from sample discs from human cadaveric lumbar spines were measured 
experimentally in our lab or referenced from literature.  Lateral width of the entire disc is 
approximated as 55.38 +/- 2 mm, and depth from anterior-to-posterior 37.67 +/- 2mm 
[148].  The lateral dimensions of the nucleus pulposus alone are 36.54 +/- 2 mm, and the 
annulus fibrosus is shown to be 20.8 +/- 0.7 mm [148].  From these values, the area of the 
entire disc is calculated to be approximately 1925 mm2, and the area of the nucleus 
pulposus approximately 598 mm2, or roughly 30% of the area of the entire disc.  To 
simplify the geometrical considerations of the model, the shape of the disc is 
approximated to a cylinder, and the area proportions are kept constant to better simulate 
the pressures experienced by the loading of the disc.  This approximation allows the 
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system to be modeled as an axisymmetric model, where one plane is simulated and 
rotated 360o about the vertical axis.  Therefore, the area values shown above are 
converted to an equivalent radius of 24.5 mm for the entire disc, with 14.0 mm for the 
nucleus pulposus, leaving the annulus fibrosus with a radius of 10.5 mm.  A bulge is 
applied to the outer annulus fibrosus, with a maximum of 1.0 mm at the axial midpoint, 
to replicate the bulging of the disc seen in an unloaded specimen.  The height of the disc 
(nucleus pulposus and annulus fibrosus) is 10.0 mm, the heights of the bony and 
cartilaginous endplates are 0.5 mm each, and the height of the vertebral bodies is 29.0 
mm, for a total height of 70.0 mm for the entire vertebra-disc-vertebra construct 
simulated.   
The model was validated using three methods: axial displacement, radial bulge, 
and percentage of fluid expelled during loading [83, 149-156].  The entire functional 
spinal unit consists of 2626 4-node displacement and pore pressure (CAX4P) elements 
and 3091 nodes.   
Material Properties 
The material properties used were averages of the variations found in literature, 
and can be found in Table 4.1.  All materials were defined as hyperelastic solids with 
fluid-filled pores.   Annulus fibrosus properties were taken from literature [157-162]; as 
were those of the nucleus [158, 163-165].  Cartilaginous and bony endplates, as well as 
cortical and trabecular bone values, were taken from literature [110, 135, 166-171].  The 
permeability of the bony endplate has been shown to be preferentially directional axially, 
due to the marrow contact channels [135, 172, 173].  Therefore, it is applied as an 
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orthotropic property, with the value shown indicating the axial direction from the 
cartilaginous endplate through to the vertebra, and the radial and circumferential values 
equal to zero.  
The annulus fibrosus was modeled as a matrix of homogenous ground substance 
reinforced by collagen fibers [83, 87].  The fibers were characterized as rebar elements 
running axially from endplate to endplate, with modulus and cross-sectional area adjusted 
to match the measured compressive and tensile properties of the annulus fibrosus [157, 
158, 160, 161, 174].  In the annulus fibrosus, these fibers are found at alternating 30° 
angles from horizontal, however they were approximated to be vertical for this simulation 
due to the two-dimensional nature of the model.  Experiments were simulated in order to 
determine the appropriate values for modeling the annular collagen fibers as rebar in a 
matrix of the annulus fibrosus.  Parametric studies of tension and compression were 
performed on a model of the annulus fibrosus alone, with the results leading to the 
material properties seen in Table 4.1.   
Proteoglycan content is not uniform across the span of the disc from annulus to 
nucleus [43, 175].  Therefore, a fixed charge density profile was utilized to more 
accurately represent the amount of proteoglycan content within the nucleus and annulus. 
A detailed parametric study of the entire system was performed to determine the material 
properties to which the model is most sensitive.  Individual material properties were 
adjusted across a wide range, including values outside of the accepted physiological 
range, while keeping the remaining properties constant.  This was performed for each of 
the five variables (elastic modulus, Poisson’s ratio, permeability, void ratio, and fixed 
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charge density) for each of the five parts (nucleus pulposus, annulus fibrosus, 
cartilaginous endplate, bony endplate, and vertebra).   
 
4.3 Results 
The effect of osmotic swelling is verified by testing the anterior column unit as a 
poroelastic structure, and utilizing a poroelastic model with incorporated osmotic 
swelling and comparing to experimental results (Figure 4.2).  Although the osmo-
poroelastic model does not precisely mimic the experimental, it is a much better 
representation than the poroelastic theory, which displaces much more overall. 
Figure 4.3 shows the axial displacement of the model.  Initially, both loading and 
recovery curves respond linearly, followed by time-dependent creep.  The elastic 
response is 0.41 mm, and the time-dependent portion is 0.95 mm for a total displacement 
during the functional loading period of 1.35 mm.  The system recovers fully to its 
original starting position.  Figure 4.4 shows the radial displacement, or bulging, of the 
outer annulus fibrosus with time.  Once again, there is an initial elastic response in both 
the loading and recovery periods, followed by a time-dependent reaction.  In the loading 
period, the annulus continues to bulge for a short time after the linear portion, but recoils 
with time as fluid is expelled from the disc, decreasing the pressure in the nucleus that 
was applying a radial pressure to the annulus.  Maximum radial bulge seen is 
approximately 0.85 mm, which falls within the range of that seen experimentally [176].  
This same phenomenon is seen in reverse for the recovery period.   
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The third method of validation is the volume of fluid lost during loading of 
approximately 13%, as shown in Figure 4.5.  During the diurnal cycle, the disc has been 
shown to lose between approximately 10-20% of the fluid in the disc [35, 149, 154, 155].   
Figure 4.6 is a stress-strain curve for the entire system, for both the loading and 
recovery periods.  The fundamental characteristics of a stress-strain curve for biological 
tissue are seen, including the toe-region as loading begins, a transition region, and the 
linear region until recovery commences.   
The radial bulge of the nucleus pulposus-annulus fibrosus interface is seen in 
Figure 4.7.  As was the case in the axial displacement and radial bulge of the outer 
annulus fibrosus, there is a linear region followed by a time-dependent region for both the 
loading and recovery periods.  However, for the nucleus pulposus, there is an immediate 
decrease in bulging to approximately 0.11 mm at the end of the loading segment due to 
the loss of its fluid pressure as fluid leaves the nucleus via the endplates and outer 
annulus.  
Figure 4.8 shows the percentage of fluid loss of the nucleus pulposus and annulus 
fibrosus throughout the diurnal cycle.  The nucleus pulposus loses a higher percentage of 
water due to its higher initial fluid content. 
Due to the effect of the fluid exchanged throughout the diurnal cycle, the material 
properties of elastic modulus and Poisson’s ratio vary with time, as seen in Figure 4.9A 
and Figure 4.9B, respectively. The value of Poisson’s ratio input into the simulation is 
applied to the solid portion of the tissue only.  The fluid contained in the pores is 
51 
 
incompressible, and therefore will always have a Poisson’s ratio of 0.5.  Therefore, the 
Poisson’s ratio will always be approximately 0.5 initially, and then decreases with time as 
fluid leaves the disc.  The same theory applies to the elastic modulus, as the pressurized 
fluid resists displacement initially, and as the fluid is expelled, the elastic modulus values 
approach the inputted material properties. 
The fluid flow properties of the nucleus and annulus are the parameters that have 
the greatest effect on the model.  However, within the physiological ranges of the 
respective properties, the effects are minor.  
 
4.4 Discussion 
The model closely approximates the axial displacement values from literature 
(Figure 4.3).  The model accurately predicts an initial linear response of the disc in both 
loading and recovery, as well as the time-dependent response due to the fluid flow into 
and out of the disc, in loading and recovery, respectively.  Although it is possible to 
simulate this non-linear response using other solid models, such as viscoelasticity and 
hyperelasticity, the effect of fluid flow would be lost.  The gaining of the ability to follow 
the flow of fluid into and out of the disc is a major advantage of utilizing this theory.   
Although the input values, as shown in Table 4.1, are input as constants, these quantities 
only apply to the solid matrix portion of the material.  Initially, both elastic modulus and 
Poisson’s ratio are significantly higher than their inputted values, but reach equilibrium at 
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the specified quantity as the fluid is expelled and the stresses are carried primarily by the 
solid matrix.   
 
4.5 Conclusions 
This study validates the use of a user-defined material to include the effects of 
fixed charge density on the standard biphasic theory found in ABAQUS finite element 
software to accurately model the human intervertebral disc.  The model is validated 
against axial displacement, radial bulge, and percentage of fluid lost found 
experimentally and in literature.  A detailed study of every aspect of the model was 
performed to determine its sensitivity to each parameter.  Future versions of this model 
should include three-dimensional geometry and/or geometry taken from a spinal CT-
scan, as well as various applications to the field of lumbar spine biomechanics. 
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Figure 4.1: Model creation from human intervertebral disc to cylindrical approximation to full‐width finite element 
model to axisymmetric finite element model   
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Figure 4.2: Axial displacement through four diurnal cycles found experimentally, with a poroelastic simulation, and 
with an osmo‐poroelastic simulation of a human intervertebral disc under an applied axial pressure of 0.5 MPa 
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Figure 4.3: Axial displacement through a diurnal cycle of a simulation of a human intervertebral disc under an 
applied axial pressure of 0.5 MPa 
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Figure 4.4: Radial bulge of the simulated outer annulus fibrosus 
  
57 
 
 
Figure 4.5: Percentage of the fluid lost (and recovered) in the intervertebral disc during a diurnal cycle 
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Figure 4.6: Theoretical quasi‐static stress‐strain curve for the intervertebral disc 
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Figure 4.7: Radial bulge of the simulation’s nucleus pulposus‐annulus fibrosus interface 
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Figure 4.8: Percentage of fluid lost (and recovered) by the simulated nucleus pulposus and annulus fibrosus 
individually  
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Figure 4.9: Time‐dependency of A) elastic modulus and B) Poisson’s ratio   
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Table 4.1: Finite element model material properties 
Nucleus 
Pulposus 
Elastic Modulus, E [MPa] 1.01
Poisson's Ratio, ν 0.17
Initial Void Ratio, e0 4.00
Initial Permeability, k [m^4/(N s)] 1.2‐15
Fixed Charge Density Profile 3
Annulus 
Fibrosus 
Elastic Modulus, E [MPa] 2.00
Poisson's Ratio, ν 0.17
Initial Void Ratio, e0 2.33
Initial Permeability, k [m^4/(N s)] 2.0 E‐16
Fixed Charge Density Profile 3
Annulus 
Fibers 
Elastic Modulus, E [MPa]  100.00 
Poisson's Ratio, ν 0.10
Area [mm^2]  0.03
Cartilaginous 
Endplate 
Elastic Modulus, E [MPa] 5.00
Poisson's Ratio, ν 0.17
Initial Void Ratio, e0 4.00
Initial Permeability, k [m^4/(N s)] 1.43E‐13
Fixed Charge Density [M] 2.00E‐01
Bony 
Endplate 
Elastic Modulus, E [MPa] 10000.00
Poisson's Ratio, ν 0.30 
Initial Void Ratio, e0 0.05
Initial Permeability, k [m^4/(N s)] 6.43E‐16
Fixed Charge Density [M] 1.50E‐01
Cortical 
Bone 
Elastic Modulus, E [MPa] 10000.00
Poisson's Ratio, ν 0.30
Initial Void Ratio, e0 0.05
Initial Permeability, k [m^4/(N s)] 7.00E‐17
Fixed Charge Density [M] 1.50E‐01
Trabecular 
Bone 
Elastic Modulus, E [MPa] 100.00
Poisson's Ratio, ν 0.20
Initial Void Ratio, e0  1.00 
Initial Permeability, k [m^4/(N s)]  2.00E‐07 
Fixed Charge Density [M]  1.50E‐01 
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5. Effect of Aging and Degeneration on the Human Intervertebral Disc during the 
Diurnal Cycle: A Finite Element Study 
 
5.1 Introduction 
The human intervertebral disc is the primary compression-carrying component of 
the spine.  Its roles are to transmit and distribute loads, and allow for the necessary 
flexibility of the spine.  It is comprised of a central gel-like nucleus pulposus, an outer 
annulus fibrosus, and upper and lower endplates consisting of cartilaginous and bony 
portions.   
During a diurnal cycle, the intervertebral disc experiences approximately 16 hours 
of functional loading (standing, sitting, etc.), followed by 8 hours of recovery (lying 
prone).  Therefore, the fluid lost during the loading period must be replenished in half the 
time.  As the disc is compressed and fluid is exuded, the density of the fixed charges 
within the nucleus pulposus is increased, creating an osmotic gradient with the interstitial 
fluid surrounding the disc.  This osmotic potential aids in drawing fluid back into the 
disc. 
The intervertebral disc has been shown to change with age and degeneration [9, 
11, 49, 51, 56, 81, 139, 163, 172, 177].  Alterations in the major biochemical constituents 
of the intervertebral disc have been shown to coincide with aging and disc degeneration, 
and can subsequently alter the discs’ ability to support load.  A significant biochemical 
change that takes place in disc degeneration is the loss of proteoglycans in the central 
region of the disc, the nucleus pulposus.  Proteoglycans work to resist mechanical forces 
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in the nucleus and, through hydration of the molecules, provide a hydrostatic pressure to 
the outer layers of the disc, the annulus fibrosus.  In a dehydrated disc, the function of the 
nucleus, namely load transfer to the annulus through creation of an intradiscal pressure, is 
no longer occurring at a normal level.  The mechanics of the degenerated disc are clearly 
altered compared to those of the intact disc.  Degeneration is measured through the 
Thompson grading scale of the state of the tissue, as seen in Figure 5.1 [54]. 
Individual tissues can be tested to assess the change with degeneration, but 
experimental testing is limited in its ability to assess the complex ionic and mechanical 
stress distributions throughout the disc tissues.  Experimental testing also does not show 
the reactions in the interior of the disc.  Finite element analysis can be a useful tool in 
analyzing the internal mechanical effects of aging and degeneration of the intervertebral 
disc. 
The finite element modeling software ABAQUS contains an internal procedure 
for the poroelastic model, which has been shown to be equivalent to the biphasic model 
provided that the fluid phase is inviscid and can be used accordingly  [40, 103, 140-142].  
Wilson et al. utilized and adjusted the poroelastic theory in ABAQUS via user-defined 
materials to incorporate the effects of osmotic swelling in articular cartilage [92-94, 100].  
Exploiting the advantages of ABAQUS makes the modeling of swelling behavior simpler 
and computationally less expensive, while producing basically the same results as the 
more complex mechano-electrochemical (quadriphasic) models [100].   
The goal of this study is to use an osmo-poroelastic model to analyze the effects 
of intervertebral disc degeneration on the diurnal mechanical response of the disc.  
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Understanding these effects may aid in providing a solution to disc degeneration and the 
corresponding lower back pain. 
 
5.2 Methods 
Model Construction and Validation 
An axisymmetric, osmo-poroelastic model was created using ABAQUS v6.5 
finite element software (SIMULIA, Providence, RI).  The model consists of a nucleus 
pulposus, an annulus fibrosus, cartilaginous and bony portions of the adjacent endplates, 
and cancellous and cortical portions of the corresponding vertebrae (Figure 5.2).  The 
standard poroelastic theory included in ABAQUS is utilized, but a user-defined material 
was incorporated to include the effects of osmotic swelling [92, 94, 100].  The model 
response was validated against experimental results such as axial displacement, radial 
displacement of the outer annulus fibrosus, and total fluid lost [149, 151-156, 176, 178-
180]. 
The dimensions used in the model were approximations gathered from 
experimental results found in literature of typical lumbar discs—an initial disc height of 
10 mm, an outer diameter of 24.5 mm, a nucleus diameter of 14 mm, total endplate height 
of 1 mm (0.5 mm for each of boney and cartilaginous portions), and vertebral body 
height of 29 mm [148].  The outer 2 mm of the vertebrae is considered cortical bone, and 
the remainder is trabecular bone.  The fibrous structure of the annulus fibrosus is 
simulated using tension-only structural rebar elements.  An unloaded intervertebral disc 
bulges slightly; therefore a 1 mm bulge in the outer annulus at the axial midpoint was 
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included.  The model consists of 2626 4-node displacement and pore pressure (CAX4P) 
elements and 3091 nodes.  Further details of the model have been described previously 
(Chapter 4. Development of a Finite Element Model of the Human Intervertebral Disc 
using Biphasic Theory with Incorporated Osmotic Swelling). 
Material Properties 
Grade 1 material properties—including those of the nucleus pulposus [158, 163-
165], annulus fibrosus [157-162, 174, 177, 181-184], cartilaginous endplate [110, 166-
169], bony endplate [170], cortical bone [170], and trabecular bone [170]—were taken 
from literature (Table 5.1).  Degenerated material properties of the nucleus pulposus 
[163], annulus fibrosus [161, 177, 181, 182], and boney endplates [172, 173] were also 
taken from literature.  The remaining properties were interpolated from these values, as 
shown in Table 5.1. 
The Thompson scale, as seen in Figure 5.1, identifies five distinguishable grades 
of degeneration, ranging from healthy (grade 1) to extremely degenerated (grade 5) [54, 
185].  In order to determine the difference in responses as the disc degenerates, five 
models were created using varying material properties, as shown to change throughout 
the degenerative cycle.  The aggregate modulus of the nucleus pulposus, which is 
proportional to the elastic modulus, increases approximately 70% throughout the 
degenerative cycle [163].  Likewise, nucleus pulposus permeability increases 
approximately 40% with degeneration from 1.0E-15 to 1.4E-15 [163].  Both modulus and 
permeability of the nucleus have been assumed to decrease linearly from grade 1 through 
grade 5.  Annulus fibrosus aggregate modulus approximately doubles from healthy to 
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degenerated [177].  However, the nucleus pulposus has been shown to degrade first, and 
then the annulus fibrosus remodels to accommodate, and therefore, the annulus material 
modulus remains intact for grade 2, and then increases linearly from grades 3 through 5 
[186].  Annulus fibrosus permeability is 2.0E-16 and does not change with degeneration 
(Iatridis 1998). 
The bony portion of the endplate consists of a number of marrow contact channels 
that greatly increase the ability for fluid exchange [172].  These channels become 
occluded with age and degeneration, limiting the flow of fluid and hence decreasing the 
permeability [173].  The hole-density of the bony endplate decreases approximately 
350% from Grades 1 through 5, and for this study, the assumption is made that the 
permeability decreases linearly.   
Fixed charge density profiles for healthy (grade 1) and degenerated (grade 5) are 
shown in Figure 5.3A [175].  Although the 26 year old disc may not be a grade 1, it is 
treated as such for the purpose of this study, as is the 74 year old as a grade 5.  The 
profiles for grades 2-4 were linearly interpolated from these reported values, as seen in 
Figure 5.3B.  Figure 5.4 shows the initial fixed charge density profiles as contour plots of 
the nucleus pulposus and annulus fibrosus for each degenerative grade. 
Loading and the Diurnal Cycle 
The diurnal cycle is approximated as a 16 hour loading period, followed by an 8 
hour recovery.  The unit was loaded with a 0.5 MPa pressure on the upper vertebra to 
represent the functional loading experienced during daily activity, and a 0.1 MPa 
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recovery load to simulate sleep conditions [187].  As is seen in experimental studies, a 
steady-state condition is found after several loading and recovery cycles due to the 
exchange of fluid [188].  Therefore, each simulation consisted of four diurnal cycles, with 
the fourth cycle considered to be the steady-state cycle.  
 
5.3 Results 
The axial displacement profiles change throughout degeneration, as seen in Figure 
5.5.  The initial elastic responses increase slightly at each grade, while the magnitudes 
and shapes of the time-dependent response vary greatly.  Although the elastic responses 
during recovery are rather different, the shapes of the time-dependent recoveries are quite 
similar. 
The axial displacement was validated against experimental data and literature [83, 
151-153, 156].  Both elastic and time-dependent responses during the loading period 
changed with degeneration (Figure 5.5).  However, the elastic responses of the recovery 
return to almost the same position for each grade, allowing the time-dependent responses 
to be nearly identical.  The Grade 5 final axial displacement is 26.32% less than that of 
Grade 1, while the elastic and time-dependent displacements decrease 32.49% and 
23.07%, respectively.  The elastic components decrease at a higher percentage than the 
time-dependent responses.  For recovery, the Grade 5 elastic displacement is 38.93% less 
than Grade 1, and the time-dependent is only 19.36%.  Total recovery is the same as total 
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loading since at the steady-state condition, the disc responds back to its original starting 
position.   
Figure 5.6 shows the radial displacement for the outer annulus fibrosus, as well as 
the nucleus pulposus-annulus fibrosus interface.  The outer annulus fibrosus radial 
displacement values, often referred to as “bulging,” as well as the radial displacement of 
the nucleus-annulus interface, agree with those found in literature [150, 176, 178].  There 
is an initial elastic bulge due to the behavior of the solid portion of the material, followed 
by an increased bulging due to the pressure being built up inside the disc due to the 
inability for fluid to flow out quickly enough.  There is then a decrease in the bulge as 
water is pushed out of the disc by the intradiscal pressure.  Note that the grade 5 response 
has very little time-dependent behavior, and equilibrates at essentially the elastic 
displacement level.  Both the elastic and time-dependent responses decrease with 
degeneration, due to the increased modulus of the solid material, as well as the smaller 
amount of fluid in the disc at the beginning of the steady-state cycle, due to the decrease 
in osmotic pressure.   
Total fluid lost during the first daily loading cycle is approximately 16% for each 
of the degenerated conditions, which is within the range found in literature of 10-20% 
[149, 154, 155].  The steady-state fluid loss ranges from approximately 11% to 
approximately 14%, which is also within this range.  Grade 1 actually absorbs more fluid 
during its initial recovery period than it lost during its initial loading period, leading to a 
positive fluid exchange at the end of the first cycle.  Grades 2 through 5 lose 
approximately 2% to 4%, which remains unrecovered.  The overall loss is approximately 
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the same for Grades 2 through 5, with the highest fluid recovery value decreasing with 
degeneration.  Note the grouping of the recovery curves. 
Figure 5.8 shows the von Mises stress contour plots of the nucleus pulposus and 
annulus fibrosus combined, and the nucleus pulposus by itself.  This stress value is the 
stress experienced by the tissue, which is found by taking the stress in the solid portion of 
the tissue less the osmotic pressure.  Stress at the nucleus pulposus-annulus fibrosus 
interface increases with degeneration, as does the stress in the majority of the annulus 
fibrosus, from approximately 0.2 to approximately 0.4 MPa.  There is an increase in the 
center of the nucleus pulposus from approximately 1.2 to approximately 1.6 MPa.  Also, 
the nucleus pulposus side of the interface sees an increase from approximately 1.5 to 
approximately 1.8 MPa. 
Figure 5.9 shows the osmotic pressure of the disc in contour plot form.  For each 
grade, the highest osmotic pressures are seen in the central nucleus pulposus, and 
decrease radially outwards towards the outer annulus fibrosus.  The central nucleus 
pulposus decreases the most with degeneration, from approximately 0.42 MPa to 
approximately 0.1 MPa.  These values are in the range of those seen in literature [34, 59].   
 
5.4 Discussion 
Effect of Degeneration on Axial Displacement 
Degeneration causes a decrease in elastic response of 32.5 % and in time-
dependent response of 23.7 %.  Grade 2 is nearly identical to grade 1, implying that the 
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nucleus pulposus plays a smaller role than that of the annulus fibrosus.   Grade 5 appears 
to be nearing equilibrium, more so than the other grades.  With increasing degeneration, 
the disc displaces less.  This could explain the decreased disc height seen with age and 
degeneration, which is not accounted for in this simulation. 
Effect of Degeneration on Radial Displacement 
Outer annulus fibrosus radial displacement decreases with degeneration for both 
the elastic and time-dependent portions.  Grades 1 and 2 are nearly identical; grade 5 has 
a small increase in displacement at the beginning of the time-dependent period, but then 
equilibrates at approximately the elastic level.  As in the case of axial displacement, the 
time-dependent recovery portions are nearly identical.  This finding is unlike what is seen 
physiologically, as the simulated bulging increases with degeneration.  However, it is not 
the bulging, but more specifically, the geometry of the annulus which changes with 
degeneration, which is not depicted in this model. 
The nucleus pulposus-annulus fibrosus interface bulges outwards initially due to 
the pressure build-up inside the nucleus.  As this pressure dissipates due to fluid leaving 
the nucleus pulposus through the annulus fibrosus and adjacent endplates, the interface 
creeps back towards its original position, reaching equilibrium between 0.1 and 0.2 mm.  
The release of the load at the beginning of the recovery period forces the interface to 
displace into the nucleus pulposus’ original area.  At this point, the pore pressure has 
essentially vanished, and therefore there is nothing to prevent this infiltration.  As water 
flows back into the nucleus pulposus, the pore pressure is rebuilt and forces the interface 
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back to its original position.  Degeneration appears to have little effect on the radial 
displacement of the nucleus-annulus interface.   
Effect of Degeneration on Fluid Exchange 
Fluid exchange is calculated using the voids ratio of the nucleus pulposus and 
annulus fibrosus.  The voids ratio is defined as the ratio of the volume of voids to the 
volume of solid.  After the initial elastic response, the volume of the solid maintains its 
value, while the volume of the voids decreases due to fluid being expelled from the 
tissue.  When looking at all four cycles, the initial loading cycle for grade 1 loses almost 
3% less fluid than grades 2 through 5, which are all nearly identical.  This is due to the 
high osmotic pressure in grade 1, which in turn is due to the high initial fixed charge 
density in the nucleus pulposus.  The differences in grades 2 through 5 are seen in the 
recovery period, where grade 2 recovers the most fluid while grade 5 recovers the least, 
almost a 3% difference.  There is less fluid recovered at each grade for increasing levels 
of degeneration. 
When looking at the steady-state cycle only, grade 1 and grade 2 are nearly 
identical, and the total fluid loss differences from grade 2 to grade 3, grade 3 to grade 4, 
and grade 4 to grade 5 are nearly linear at approximately 1% less fluid loss with each 
grade.  The recoveries are nearly identical.  Steady-state fluid loss decreases with 
degeneration because there is less fluid available as more is lost during the first three 
cycles. 
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Effect of Degeneration on Stress 
The annulus fibrosus sees the highest stress at its interface with the nucleus 
pulposus and at the outer corners, where the attachment to the cartilaginous endplates 
causes a high stress concentration.  Both of these are artifacts of the model.  The high 
concentration of stress at the nucleus pulposus-annulus fibrosus interface is likely an 
artifact of the abrupt change in material properties across the interface.  In the actual 
tissue, there is a transition zone, which would prevent this by gradually changing 
properties.  Also, in the actual tissue, the annulus fibrosus connects directly to the 
adjacent vertebrae, and the endplates are completely covered by the annulus fibrosus.  
There are also no sharp angles or edges in the actual tissue, which is a major cause of 
stress concentrations.   
There is a gradual, steady increase in stress in the annulus with degeneration.  
When looking at the nucleus pulposus only, it is evident why the annulus fibrosus must 
remodel itself to account for the initial change in properties of the nucleus pulposus.  The 
stress experienced by the nucleus pulposus increases greatly in grade 2 from grade 1, but 
then decreases in grade 3, and even grade 4 experiences lower stresses than in grade 2.  
By grade 5, however, the stresses in the nucleus are larger than in any other grade.  This 
decrease is due to the annulus now operating primarily in compression rather than tension 
due to its remodeling and accepting a larger portion of the compressive loads.   
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Effect of Degeneration on Osmotic Pressure 
The contours of the osmotic pressure are very similar to the initial fixed charge 
density profiles.  This is due to the osmotic pressure being a function of initial and 
current fixed charge densities.  The osmotic pressure in the central nucleus pulposus 
drops from approximately 0.4 to approximately 0.1 MPa.  This explains the increasing 
inability of grades 3 through 5 to recover the fluid lost during the loading periods, since 
the osmotic pressure gradient is the primary mechanism with which fluid flows back into 
the disc.   
 
5.5 Conclusions 
Degeneration severely affects the mechanical responses of the intervertebral disc, 
as seen in literature and in these simulations.  Limitations of the model include geometry, 
lack of uniformity in material properties, use of fibers in describing anisotropic nature of 
the annulus fibrosus, lack of a transition zone, etc.  With the UMAT, the capability to 
define each node with a different material property exists, allowing for a transition from 
central nucleus pulposus to outer annulus fibrosus, and through the endplates and into the 
vertebrae. 
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Figure 5.1: Thompson scale of grading degenerated intervertebral discs [185] 
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Figure 5.2: Revolved axisymmetric model of anterior column unit 
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Figure 5.3: Fixed charge density profiles for A) a 26 year old healthy disc and a 74 year old degenerated disc, and B) 
the interpolated fixed charge density profiles for all grades 
78 
 
 
Figure 5.4: Initial fixed charge density profiles for grade 1 (top) through grade 5 (bottom) 
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Figure 5.5: Steady‐state cycle axial displacement for grades 1 through 5 
  
80 
 
 
 
Figure 5.6: Steady‐state cycle radial displacements of the A) outer annulus fibrosus and B) nucleus pulposus‐
annulus fibrosus interface 
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Figure 5.7: Total fluid loss (%) for A) all cycles and B) steady‐state cycle 
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Figure 5.8: von Mises stress contour plots at end of loading cycle for grades 1 through 5 of A) nucleus pulposus and 
annulus fibrosus and B) nucleus pulposus only for grade 1 (top) through grade 5 (bottom) 
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Figure 5.9: Osmotic pressure gradient at end of loading cycle for grade 1 (top) through grade 5 (bottom) 
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Table 5.1: Finite element model material properties for Thompson degenerative grades 1‐5 
Grade 1  Grade 2  Grade 3  Grade 4  Grade 5 
Nucleus 
Pulposus 
E [MPa]  0.75 0.88 1.01 1.14  1.28
ν 0.17
e  4.00
k [m^4/(N s)] 1.00E‐15 1.10E‐15 1.2‐15 1.30E‐15  1.40E‐15
FCD Profile 1 2 3 4  5 
Annulus 
Fibrosus 
E [MPa]  1.50 2.00 2.50  3.00
ν 0.17
e  2.33
k [m^4/(N s)] 2.0 E‐16
FCD Profile 1 2 3 4  5 
Annulus Fibers 
E [MPa]  100.00 
ν 0.10
Area [mm^2] 0.03
Cartilaginous 
Endplate 
E [MPa]  5.00
ν 0.17
e  4.00
k [m^4/(N s)] 1.43E‐13
FCD [M]  2.00E‐01
Bony Endplate 
E [MPa]  10000.00
ν 0.30 
e  0.05
k [m^4/(N s)] 1.00E‐15 8.22E‐16 6.43E‐16 4.65E‐16  2.86E‐16
FCD [M]  1.50E‐01
Cortical Bone 
E [MPa]  10000.00
ν 0.30
e  0.05
k [m^4/(N s)] 7.00E‐17
FCD [M]  1.50E‐01
Trabecular Bone 
E [MPa]  100.00
ν 0.20
e  1.00 
k [m^4/(N s)]  2.00E‐07 
FCD [M]  1.50E‐01 
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Table 5.2: Summary of axial displacement data 
SS Loading Displacement [mm] SS Recovery Displacement [mm]
Grade  Elastic  Total  T‐Dep.  E/T (%)  Elastic  Total  T‐Dep.  E/T (%) 
1  ‐0.5208  ‐1.5094  ‐0.9887 52.67 0.5388 1.5106  0.9717  55.45
2  ‐0.5238  ‐1.4870  ‐0.9632 54.38 0.5232 1.4879  0.9647  54.23
3  ‐0.4510  ‐1.3273  ‐0.8763 51.46 0.4310 1.3282  0.8971  48.04
4  ‐0.3948  ‐1.2106  ‐0.8158 48.39 0.3711 1.2113  0.8402  44.16
5  ‐0.3516  ‐1.1121  ‐0.7606  46.22  0.3291  1.1127  0.7836  42.00 
SS Loading % Change From Grade 1 SS Recovery % Change From Grade 1
Grade  Elastic  Total  T‐Dep.  E/T  Elastic  Total  T‐Dep.  E/T 
2  0.58  ‐1.49  ‐2.58 3.24 ‐2.91 ‐1.50 ‐0.72  ‐2.21
3  ‐13.40  ‐12.07  ‐11.36 ‐2.29 ‐20.01 ‐12.08 ‐7.68  ‐13.36
4  ‐24.20  ‐19.80  ‐17.48 ‐8.14 ‐31.13 ‐19.81 ‐13.53  ‐20.35
5  ‐32.49  ‐26.32  ‐23.07  ‐12.24  ‐38.93  ‐26.34  ‐19.36  ‐24.26 
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6. Effects of a Nucleus Pulposus Implant on the Diurnal Biomechanics of the Human 
Intervertebral Disc—A Finite Element Analysis Study 
 
6.1 Introduction 
Treatments for chronic lower back pain, including hydrogel nucleus replacement 
and tissue engineering approaches are currently being investigated [70, 189-198].  These 
techniques to treat degenerative discs are an ideal alternative to the current invasive 
surgical procedures, such as discectomy, spinal fusion, and total disc replacement, due to 
their minimally invasive nature, their capability in restoring normal biomechanical 
function, as well as the ability to intervene at earlier stages of degeneration [17, 21, 63].  
Discectomy may result in additional stress and instability within the disc, spinal fusion 
may generate additional stress in adjacent discs after surgery and the patient may lose 
mobility permanently, and total disc replacement is reserved for severely degenerated 
discs [25, 47, 63, 199].  
The intervertebral disc is the largest avascular tissue in the human body and is 
mainly comprised of three different tissues: the central nucleus pulposus is surrounded by 
the outer annulus fibrosus and the upper and lower cartilaginous endplates [25].  More 
than 80% of the cases exhibiting degeneration of lumbar intervertebral discs also report 
lower back pain [200].  With aging and degeneration, the proteoglycan and water content 
in the central nucleus reduces significantly, causing abnormal loading to the outer 
annulus [11, 25, 199-205].  In a dehydrated disc, load transfer from the nucleus to the 
annulus through creation of an intradiscal pressure is no longer occurring at a normal 
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level.  The mechanics of a degenerated disc are clearly altered compared to those of an 
intact disc [201, 206, 207]. 
This study analyzes the effect of the replacement of the nucleus pulposus using a 
polymeric hydrogel [68, 69, 71, 208].  Prior studies in our laboratory have focused on the 
development of a stable hydrogel to serve as a replacement to the degenerated nucleus 
[71].  In our previous experimental studies, the effect of a hydrogel nucleus replacement 
on the compressive stiffness of the intervertebral disc was assessed using a human lumbar 
cadaveric model, and the feasibility of replacing the nucleus with the hydrogel implant 
was demonstrated.  The cylindrical implant restored 88% of the compressive stiffness of 
the intact disc when implanted in the space created after removing the nucleus [70].  In 
another experimental study in our laboratory, the effect of nucleus implant parameter 
variations (material and geometric) on the alteration of compressive stiffness of the 
lumbar disc and thus the compressive biomechanics of the disc was assessed [69].  It was 
found that nucleus implant parameters do have a significant effect on the disc 
compressive mechanics.    
Previous work has been performed in the numerical modeling of lumbar 
intervertebral disc mechanics under various physiological conditions to better understand 
the role of the native disc tissues under different loading conditions [60, 75, 83, 87, 90, 
147, 206, 209-213].  However, there is scant literature on the use of modeling to 
understand nucleus implant behavior [209, 212].  It was hypothesized by Bao and Yuan 
that both nucleus implant modulus and its conformity to the created cavity can affect the 
load distribution in the intervertebral disc [213].  Meakin et al. used sheep discs to assess 
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the effect of nucleus replacement by synthetic implant, observing that the inner layers of 
the annulus bulged inwards in a denucleated disc [209].  This inner bulging of the 
annulus was prevented by synthetic implants.  The experimental work with the sheep disc 
was further supported by a simplified finite element modeling of the intact human disc to 
investigate the effect of a nucleus replacement.  However, the nucleus implant and the 
annulus were modeled as elastic, isotropic materials, ignoring the material nonlinearity of 
the tissue.  Yao et al. created a three-dimensional finite element model to determine the 
ideal material properties of a tissue engineered scaffold, one which also accounted for the 
nonlinearities of the annulus [212].  However, these values were compared to a model 
which described the nucleus as an incompressible fluid, while nucleus pulposus tissue 
becomes less fluid-like with age and degeneration [25].   
The goal of this study is to analyze the effect of denucleation and subsequent 
implantation of a nucleus pulposus replacement using an osmo-poroelastic finite element 
model.  This is the first study to consider the effects of osmotic swelling throughout the 
intervertebral disc due to the fixed charge density of the implant at various grades of 
degeneration. 
 
6.2 Methods 
An axisymmetric, osmo-poroelastic model was created using ABAQUS v6.5 
finite element software (SIMULIA, Providence, RI).  The model consists of a nucleus 
pulposus, an annulus fibrosus, cartilaginous and bony portions of the adjacent endplates, 
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and cancellous and cortical portions of the corresponding vertebrae.  The standard 
poroelastic theory included in ABAQUS is utilized, but a user-defined material was 
incorporated to include the effects of osmotic swelling [92, 94, 100].  The model 
response was validated against experimental results such as axial displacement, radial 
displacement of the outer annulus fibrosus, and total fluid lost [149, 151-156, 176, 178-
180].  Details of the creation of the model are described previously (Chapter 4. 
Development of a Finite Element Model of the Human Intervertebral Disc using Biphasic 
Theory with Incorporated Osmotic Swelling).   
The first step in a nuclear implant replacement procedure is to denucleate the 
specimen.  Approximately 80% of the nucleus may be removed, in order to make room 
for the replacement implant [70].  Figure 6.1 shows the denucleated and implanted finite 
element models.  The amount of nucleus pulposus tissue removed in the model was based 
on an axisymmetric approximation of 80% of the total volume of the nucleus, leaving the 
remaining 20% in the radial direction only, as denucleation is more easily achieved from 
endplate-to-endplate than closer to the entrance point of the incision through the annulus. 
The nucleus was removed from the model to simulate the denucleated condition.  
The hydrogel implant was then incorporated into the denucleated model to simulate the 
implanted condition.  This process was performed on each of five models representing 
the varying Thompson grades of degeneration [54]. 
Grade 1 material properties—including those of the nucleus pulposus [158, 163-
165], annulus fibrosus [157-162, 174, 177, 181-184], cartilaginous endplate [110, 166-
169], bony endplate [170], cortical bone [170], and trabecular bone [170]—were taken 
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from literature (Table 6.1).  Degenerated material properties of the nucleus pulposus 
[163], annulus fibrosus [161, 177, 181, 182], and boney endplates [172, 173] were also 
taken from literature.  The remaining properties were interpolated from these values, as 
shown in Table 6.1. 
The Thompson scale identifies five distinguishable grades of degeneration, 
ranging from healthy (grade 1) to badly degenerated (grade 5) [54, 185].  In order to 
determine the difference in responses as the disc degenerates, five models were created 
using varying material properties, as shown to change throughout the degenerative cycle.  
The aggregate modulus of the nucleus pulposus, which is proportional to the elastic 
modulus, increases approximately 70% throughout the degenerative cycle [163].  
Likewise, nucleus pulposus permeability increases approximately 40% with degeneration 
from 1.0E-15 to 1.4E-15 [163].  Both modulus and permeability of the nucleus have been 
assumed to decrease linearly from grade 1 through grade 5.  Annulus fibrosus aggregate 
modulus approximately doubles from healthy to degenerated [177].  However, the 
nucleus pulposus has been shown to degrade first, and then the annulus fibrosus remodels 
to accommodate, and therefore, the annulus material modulus remains intact for grade 2, 
and then increases linearly from grades 3 through 5 [186].  Annulus fibrosus permeability 
is 2.0E-16 and does not change with degeneration [177]. 
The bony portion of the endplate consists of a number of marrow contact channels 
that greatly increase the ability for fluid exchange [172].  These channels become 
occluded with age and degeneration, limiting this and hence decreasing the permeability 
[173].  The hole-density of the bony endplate decreases approximately 350% from grades 
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1 through 5, and for this study, the assumption is made that the permeability decreases 
linearly.  Fixed charge density profiles were used for the annulus fibrosus and the 
remaining part of the nucleus pulposus, respective to each grade [175].   
A parametric study was performed on the material properties of the hydrogel 
implant, specifically the solid properties of elastic modulus and Poisson’s ratio, and the 
fluid properties of void ratio and permeability. 
 
6.3 Results 
 Figure 6.2a shows only a decline in total displacement of the unaltered 
intervertebral disc with degeneration, with the smallest decrease from grade 1 to grade 2, 
the largest from grade 2 to grade 3, and approximately equal declines from grade 3 to 
grade 4 and grade 4 to grade 5.  Similar relationships are seen for each of the elastic and 
time-dependent portions of the curve. 
As seen in Figure 6.2b, denucleating the specimen increases the grade 1 
displacement to approximately 1.75 mm (an increase of ~0.25 mm, or ~17%), while the 
grade 5 disc only increases ~0.1mm (~10%).  After denucleation, the time-dependent 
portion of the displacement versus time curve changes less than the elastic portion.  More 
specifically, the elastic portion becomes a greater percentage of the total displacement 
(the elastic goes from~0.5 to 1.0 mm, while the time-dependent from ~1.0 to ~0.8 mm). 
At every degenerative grade, total displacement during the loading period 
increases after denucleation, then decreases after implantation of the nucleus pulposus 
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replacement to below the unaltered level (Figure 6.3).  The percentage of disc height lost 
after denucleation and implantation is calculated in Table 6.2, and only approximately 
5% disc height is lost for all degenerative grades. 
Figure 6.4 shows the von Mises stresses in the annulus fibrosus only for grades 1 
through 5 of the unaltered condition and after implantation.  Stress in the inner annulus 
increases from approximately 0.2 MPa in grade 1 to approximately 0.5 in grade 5.  After 
implantation, the grade 5 value is reduced to approximately 0.3 MPa.   
The effect of solid material properties of the nucleus pulposus implant, elastic 
modulus and Poisson’s ratio, on the displacement of the system is shown in Figure 6.5. 
The modulus ranged from 0.05 to 10.0 MPa, with the lower values approaching the 
displacement of the unaltered state, and total displacement for the 10.0 MPa implant 
decreasing approximately 30% from the unaltered state.  From 0.05 to 1.5 MPa, there is 
relatively little change in overall displacement.  The Poisson’s ratio inputted for the 
implant appears to have no effect on the axial displacement of the system, as the true 
Poisson’s ratio of the tissue is mostly dependent on the amount of incompressible fluid 
remaining in the disc. 
Figure 6.6 shows the effect of the initial fluid flow properties of the implant, void 
ratio and permeability.  Void ratio appears to have no effect on axial displacement, while 
permeabilities above 1.0 approximate the displacement response curve of the unaltered 
disc. 
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Figure 6.7 shows the effect of altering the fixed charge density of the implant on 
multiple cycles and on the steady-state cycle.  The 1.0M condition does not seem to have 
reached steady-state after 4 cycles, as the axial displacement at the end of the recovery 
period continues to decrease due to the imbibing of fluid by the implant.  Fixed charge 
density has little effect on the steady-state axial displacement response of the disc.  After 
denucleation and implantation, the axial displacement decreases from the unaltered state 
for each fixed charge density value. 
Altering the elastic modulus of the nucleus implant changes the stress profile 
experienced by the annulus fibrosus, as seen in Figure 6.8.  As the modulus increases, the 
stress in the annulus decreases, particularly in the inner annulus.  Figure 6.9 shows that 
increasing the fixed charge density of the implant will also decrease the stress in the 
annulus fibrosus.   
 
6.4 Discussion 
The primary finding of this study is that a replacement nucleus pulposus implant 
can be effective in reducing stress in the remaining tissue at all degenerative grades.  
Early intervention severely improves the stress distribution in the annulus fibrosus, 
slowing down and perhaps halting the degenerative process. 
The elastic portion of the displacement versus time curve changes more after 
implantation of the nucleus replacement due to the implant’s high osmotic potential.  The 
time-dependent response in an unaltered intervertebral disc is primarily due to the flow of 
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fluid out of the disc; however fluid does not flow as easily from the implant.  In addition, 
the implant is mechanically stiffer than the nucleus pulposus tissue that it is replacing.  In 
terms of overall displacement response, there is no distinct advantage to denucleation and 
implantation at any specific grade (Figure 6.3).   
The stress profile of the annulus fibrosus is restored to the previous degenerative 
grade’s stress state after implantation (Figure 6.4).  This implies that the implant can 
delay degeneration of the annulus fibrosus by absorbing a more substantial portion of the 
stress than the nucleus pulposus tissue does.  The degenerative cascade begins with a loss 
of proteoglycans in the nucleus pulposus, decreasing the ability of the nucleus to maintain 
its hydration.  The fluid in the nucleus helps distribute the applied load on the disc, and 
the loss of this fluid increases the stress on the annulus fibrosus.  This is the beginning of 
the degenerative cascade, as the additional stress on the annulus causes its degeneration, 
increasing the stress on the nucleus, which degenerates further in response, etc.  The 
hydrogel implant decreases the stress on the annulus fibrosus, and since the hydrogel 
itself does not degenerate, this could potentially halt the degenerative process.  Although 
this effect is seen at each degenerative grade, early intervention (Grades 2 or 3) by 
nucleus implant replacement offers the largest potential since the tissue is likely still 
viable and halting the progress of degeneration could put an end to the cascade. 
Increasing the elastic modulus and fixed charge density, independently, decreases 
the stress in the annulus fibrosus (Figure 6.8 and Figure 6.9).  Poisson’s ratio, initial void 
ratio, and initial permeability have little to no effect on the stress profile of the annulus. 
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6.5 Conclusions 
A hydrogel nucleus pulposus replacement produces major decreases in the stress 
experienced by the annulus fibrosus, possibly slowing down or halting the degenerative 
process.  Although early intervention seems to be most beneficial due to the lessening of 
stress on the annulus, this study shows no distinct advantage to denucleation and 
implantation of a hydrogel nucleus pulposus replacement at any particular grade.  Further 
studies would look into the need for the implant’s material properties to be tailored for 
each individual grade, and possibly for individual patients. 
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Figure 6.1: Finite element models of A) a denucleated specimen and B) one implanted with a hydrogel nucleus 
replacement 
A 
B 
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Figure 6.2: Axial displacement of A) intact, B) denucleated, and C) implanted anterior column units. 
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Figure 6.3: Effect of denucleation and implantation on axial displacement for each of grades 1‐5 
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Figure 6.4: Comparison of the stress states at the end of the steady‐state loading period for the unaltered annulus 
fibrosus (left column) and after implantation (right column) from grade 1 (top) to grade 5 (bottom) 
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Figure 6.5: Axial displacement vs. time curves for parametric studies of A) elastic modulus and B) Poisson’s ratio 
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Figure 6.6: Axial displacement vs. time curves for parametric studies of initial implant A) void ratio and B) 
permeability 
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Figure 6.7: Axial displacement vs. time curves for fixed charge density parametric studies of A) 4 cycles and B) 
steady‐state cycle 
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Figure 6.8: Effect of elastic modulus on von Mises stress in the annulus fibrosus 
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Figure 6.9: Effect of fixed charge density on von Mises stress in the annulus fibrosus 
  
105 
 
Table 6.1: Finite element model material properties for Thompson degenerative grades 1‐5 and the nucleus 
pulposus implant 
Grade 1 Grade 2 Grade 3 Grade 4  Grade 5
Nucleus 
Pulposus 
E [MPa]  0.75 0.88 1.01 1.14  1.28
ν 0.17
e  4.00
k [m^4/(N s)] 1.00E‐15 1.10E‐15 1.2‐15 1.30E‐15  1.40E‐15
FCD Profile 1 2 3 4  5 
Annulus 
Fibrosus 
E [MPa]  1.50 2.00 2.50  3.00
ν 0.17
e  2.33
k [m^4/(N s)] 2.0 E‐16
FCD Profile 1 2 3 4  5 
Annulus Fibers 
E [MPa]  100.00
ν 0.10
Area [mm^2] 0.03
Cartilaginous 
Endplate 
E [MPa]  5.00
ν 0.17
e  4.00
k [m^4/(N s)] 1.43E‐13
FCD [M]  2.00E‐01
Bony Endplate 
E [MPa]  10000.00
ν 0.30
e  0.05
k [m^4/(N s)] 1.00E‐15 8.22E‐16 6.43E‐16 4.65E‐16  2.86E‐16
FCD [M]  1.50E‐01
Cortical Bone 
E [MPa]  10000.00
ν 0.30
e  0.05
k [m^4/(N s)] 7.00E‐17
FCD [M]  1.50E‐01
Trabecular Bone 
E [MPa]  100.00
ν 0.20
e  1.00
k [m^4/(N s)] 2.00E‐07
FCD [M]  1.50E‐01
Implant 
E [MPa]  0.15
ν  0.17
e  0.50
k [m^4/(N s)] 1.00E‐20
FCD [M]  0.40
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Table 6.2: Axial displacement at end of loading period for steady‐state cycles of each degenerative grade after 
denucleation and implantation 
  Intact  
[mm] 
Denucleated 
[mm] 
Implanted 
[mm] 
% Lost after 
Implantation 
Grade 1  1.509446  1.747951  1.432031  5.13% 
Grade 2  1.486997  1.717392  1.40969  5.20% 
Grade 3  1.327321  1.508496  1.261499  4.96% 
Grade 4  1.210603  1.356935  1.152992  4.76% 
Grade 5  1.112117  1.233519  1.060818  4.61% 
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7. Fourier Transform Infrared Spectroscopic Characterization of the Human 
Intervertebral Disc 
 
 
7.1 Introduction 
Understanding aging and degeneration of the intervertebral disc is critical in 
solving discogenic back pain.  Identifying the components of the intervertebral disc and 
finding methods for evaluating their biochemical composition is a fundamental approach 
to understanding the state of the disc and developing possible strategies for intervention. 
The intervertebral disc tissue is composed of three mechanically important 
components.  These include proteoglycans, collagen, and elastin.  Aging and 
degeneration cause significant alterations in the biochemical composition of the 
intervertebral disc tissue with respect to these components (Figure 7.1).  Severe 
alterations then hinder the ability of the disc to support everyday loading, leading to pain 
and instability.  
The most prevalent effect of aging and degeneration of the intervertebral disc has 
been the change in the ratios of the biomolecular tissue components (proteoglycans, 
collagen and elastin).  The collagen and proteoglycans content of the tissue decreases 
with age, while elastin reaches peak content at roughly 40 years of age, with a subsequent 
decrease in elastin [204, 205, 214, 215] (Figure 7.2).  
Fourier transform infrared (FTIR) spectroscopy may provide a powerful tool to 
monitor changes in intervertebral disc constituents with aging and degeneration.  FTIR 
has been used to investigate the chemical nature of many human biological tissues and 
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can thus be employed with intervertebral disc tissue [112-128].  Here, we utilize FTIR 
spectroscopy to identify the discogenic composition without the need for digestion of the 
tissues. 
Camacho et. al. previously developed a method for using FTIR to identify the 
specific biomolecular components of bovine cartilage [122].  The components of bovine 
cartilage are similar to that of intervertebral disc tissue, containing collagen and 
proteoglycans.  Using the individual IR spectra for each component, FTIR was then used 
to identify these species within the spectra of the intact cartilage.  Similarly, the objective 
of this study was to demonstrate the efficacy of FTIR as a technique for detecting the 
major components of the intervertebral disc and discerning subsequent changes to 
intervertebral disc tissue brought about by enzymatic digestion, aging and degeneration.   
 
7.2 Methods 
Component Sample Preparation 
Chondroitin Sulfate C, a major component of the ubiquitous proteoglycan 
aggrecan, Collagen Type I, and Elastin were combined in varying ratios to determine the 
spectral contribution of the various components.  These components were chosen as 
combined they comprise the majority of the dry weight of the intervertebral disc [216, 
217].  Components were obtained in lyophilized powder or fiber form then combined at 
varying ratios, as seen in Table 7.1 (n = 3), totaling a final sample weight of 
approximately 6mg.  The various ratios resulted in a range of individual component 
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percentages as well as a range of chondroitin sulfate to total protein (collagen and elastin) 
ratios.  200mg of potassium bromide was added to each sample to facilitate IR analysis, 
and samples were lyophilized overnight, ground using a mortar and pestle, then formed 
into pellets for transmission mode FTIR. 
The components analyzed were chondroitin sulfate C from bovine trachea 
(Calbiochem), as well as collagen type I from bovine nasal septum and elastin from 
bovine neck ligament (Sigma-Aldrich).  The molecular configurations of each of these 
biomolecules are shown in Figure 7.3.  Cadaveric spines were received from NDRI, 
Philadelphia.  
Intervertebral Disc Tissue Sample Preparation 
Intervertebral disc tissue specimens were isolated in 3mm punches from the 
nucleus pulposus (NP) and annulus fibrosus (AF) regions of L1-L2 intervertebral discs of 
human cadaver spines aged 15 (NP n=2, AF n=2), 58 (NP n=1, AF n=1), and 79 (NP 
n=3, AF n=3) years old and with levels of degeneration of 1, 3, and 5, respectively, on 
the Thompson scale [54].  Samples were dissected, flash frozen in liquid nitrogen, 
powderized in a BioPulverizer (BioSpec, Barlesville, OK), lyophilized, and pressed into 
pellet form with 200mg of potassium bromide. 
Fourier Transform Infrared Spectroscopy (FTIR) analysis 
FTIR spectra were obtained for all samples using a Varian Excalibur FTS-3000 
FTIR spectrometer in transmission mode (resolution = 2, number of scans = 64).  Spectra 
were analyzed using OMNIC software.  A smoothing of 9 (8.68 cm-1) as well as a 4 point 
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baseline (4000, 2000, 900 and 400cm-1) was applied to all spectra.  Peaks were detected 
at a sensitivity of 90% or higher.  Un-corrected peak heights were determined for 
distinguishing peaks.  Peak height ratios were calculated within each spectrum and 
compared across sample spectra, therefore no normalization was necessary. 
 
7.3 Results 
Individual Component Spectral Analysis 
Spectra gathered from pure collagen, elastin and chondroitin sulfate samples are 
shown in Figure 7.4.  All spectra show strong peaks in the Amide I band at 1655cm-1 
corresponding to the C=O stretching vibration.  Collagen and elastin also have 
distinguishing peaks in the Amide II (1550cm-1, C-N stretch, N-H bend combination) and 
Amide III regions (1240cm-1, C-N stretch, N-H bend, C-C stretch).   
Chondroitin sulfate also has a strong peak in the 1240cm-1 region resulting from 
the sulfate stretching vibration.  Chondroitin sulfate has distinguishing peaks at 1038cm-1 
and 856cm -1 resulting from C-O-C, C-OH in the sugar region and C-C ring vibrations 
and the S-O-C sulfate ester stretch respectively. 
Combined Component Spectral Analysis 
In order to develop a relationship between changes in the spectral signal and the 
relative amounts of the major biomolecular components of the intervertebral disc, the 
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spectra for various component ratios were investigated and key peak height ratios 
determined.  
All three molecules share a common peak in the Amide I region, corresponding to 
C=O stretching at approximately 1650 cm-1.  Collagen and elastin share peaks in the 
Amide II region at approximately 1550 cm-1.  This corresponds to the combination of C-
N stretching and N-H bending.  No peaks were detected in this region for chondroitin 
sulfate and provide no interference.  Chondroitin sulfate has a characteristic sugar peak 
(C-C) located at approximately 1000 cm-1.  
The spectra gathered from nucleus pulposus and annulus fibrosus tissue was 
analyzed using these linear relationships to attempt to determine the amount of each 
component in various states of tissue degeneration (Figure 7.8).  In each case, collagen is 
the predominant biomolecule, ranging from 66-92%. 
Component Mixtures 
Spectra obtained from several of the various component mixtures outlined in 
Table 7.1 are shown in Figure 7.9a.  The peak heights for the Amide II and Sugar regions 
were analyzed for peak height changes among the different mixtures.  The ratios 
correspond to collagen to elastin to chondroitin sulfate, respectively. Variations in peak 
height were observed relative to the constant Amide I region found in all three pure 
components.  Larger peaks in the Amide II region were observed in mixtures containing 
higher concentrations of collagen and elastin.  Similarly, mixtures containing higher 
concentrations of chondroitin sulfate showed increases in peak height in the sugar region.  
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Conversely, the sugar peak was severely diminished in mixtures containing no 
chondroitin sulfate, but still exists slightly due to a slight overlap at that peak with both 
collagen and elastin.  
Human Intervertebral Disc Tissue Samples 
The ratio of the sugar peak to that of the Amide II peak was observed to decrease 
with both age and degeneration in nucleus pulposus and annulus fibrosus samples from 
human cadaveric spines, as shown in Figure 7.10.  This confirms the predicted decrease 
in collagen plus elastin combined versus chondroitin sulfate.  More generally, this 
describes the decrease in the proteoglycan to protein ratio with age and degeneration 
(Table 7.3).   
 
7.4 Discussion 
Unique distinguishing peaks for each component were determined as listed in 
Table 7.2.  Glycosaminoglycans such as chondroitin sulfate with sugar rings can be 
monitored via their peak in the sugar region (1100-1000cm-1).  Proteins, collagen and 
elastin, have unique distinguishing peaks in the Amide II region (1600-1485cm-1) as no 
such peak is present in the chondroitin sulfate spectrum.  The presence of collagen may 
be monitored via a unique shoulder in the Amide II region at 1205cm-1.  The elastin 
spectrum demonstrates a unique peak height ratio in the 1400cm-1 region (attributed to by 
CH2 CH3 deformations originating from the methyl rich amino acid backbone of elastin) 
with peaks present at 1451cm-1 and 1387cm-1.  Chondroitin sulfate may be monitored via 
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its unique peak at 856cm-1 originating from the sulfate ester in chondroitin sulfate.  Using 
these distinguishing peaks and monitoring changes in peak height ratios relationships 
between peak height ratio (PHR) and relative component amount were determined. 
Peak heights in the Amide II region can be compared to the height in the sugar 
region giving a combination of collagen plus elastin to chondroitin sulfate ratio. This 
ratio can be monitored to describe changes in protein composition. Additionally, shifts in 
peak height position in the Amide II region may be indicative of changes in the elastin to 
collagen ratio. Similarly, due to the overlap of the Amide III and sugar peaks, the 
collagen to chondroitin sulfate ratio can be monitored by shifts in the respective peak 
height positions.  The exact peak positions are given in Table 7.2. 
Using these results, three distinct relationships were determined—collagen is 
represented by the Amide II peak at 1205 cm-1 (Figure 7.5), elastin by the peak at 1400 
cm-1 (Figure 7.6), and chondroitin sulfate by the sulfate peak at 855 cm-1 (Figure 7.7).  
The ratios between these peak heights and their respective reference peaks versus the 
percentage of each component produce three distinct linear relationships, which may be 
used to analyze the quantities of these components in intervertebral disc tissue.   
When the weight ratios of the component mixtures and their respective  peak 
height ratios are compared, as shown in Figure 7.9b, an important correlation is seen.  
Plotting the peak height ratio of Sugar (chondroitin sulfate) to Amide II (collagen and 
elastin) versus the weight ratio of those same components, a linear fit of the data 
produces an R2 value of 0.7411.  These results suggest that component content of a tissue 
sample may be discernable from its FTIR spectrum.  This strong correlation between 
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absorbance and concentration is critical to identifiying decreased levels of these three 
components in potentially damaged intervertebral disc tissue. 
There is a prominent decrease in the proteoglycans to collagen ratio with age and 
degeneration (Table 7.3).  The decrease is more prevalent in the nucleus pulposus than in 
the annulus fibrosus and can be attributed to the known decrease in proteoglycans in the 
nucleus pulposus over time [204, 205].  Literature shows that there is a loss of overall 
proteoglycans content, as well as an increase in collagen, in the nucleus pulposus with 
aging, while the annulus fibrosus shows a loss in proteoglycans with degeneration, but 
the overall collagen content is believed to remain relatively constant [204, 205, 214, 215].  
The proteoglycans to collagen ratio is lower in the annulus fibrosus than in the nucleus 
pulposus of the two youngest discs, caused by the differing chemical makeup of the two 
tissues. 
Analysis of pure collagen, elastin and chondroitin sulfate samples under FTIR 
provides a means for identification of these molecules in intervertebral disc tissue.  
Additionally, analysis of component mixtures of these molecules shows the 
corresponding peak height changes with respect to Amide II and sugar bands.  The 
variations in peak heights among the mixtures demonstrated the capability to distinguish 
changes with varying ratios of the components.  A strong relationship was determined 
between the weight ratio of the components and the peak height ratios.  The results 
suggest a strong correlation between absorbance and concentration and thus suggest 
FTIR as a viable method in determining concentration changes in component mixtures.  
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Additionally, the results from the human intervertebral disc nucleus pulposus and 
annulus fibrosus samples confirm decreasing concentration levels of the components in 
the tissue.  The decrease in peak height ratio between the characteristic proteoglycans and 
collagen peaks matches the findings in the literature [122].  Known decreases of 
proteoglycans in the nucleus pulposus with age and degeneration were significantly 
prevalent in the spectral results.  
An interesting finding of this study is that the peak height ratio for each 
component is closely related to the percentage of that component in the mixture, with 
little relation to the balancing portion (e.g. in Figure 7.5, the peak height ratios found at 
50% collagen are the same for a mixture of collagen and elastin, and a mixture of 
collagen and chondroitin sulfate, as well as a mixture of collagen, elastin and chondroitin 
sulfate).  This enhances the likelihood of using this technique to determine the 
percentages of each component in intervertebral disc tissue, in order to establish a level 
of degeneration of the tissue.  This could be an important finding in that a small amount 
of tissue taken in a surgical setting, from a biopsy perhaps, could give vital information to 
the surgeon that neither x-rays nor MRIs can provide.   
 
7.5 Conclusions 
The overall results of the study suggest FTIR as a dependable method for 
quantifying disc degeneration.  While this is only a preliminary study, future studies will 
compare these results to that of other analysis techniques, such as NMR and biochemical 
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assays.  Additionally, there is the possibility of using FTIR to complete a regional 
mapping of the entire human intervertebral disc. 
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Figure 7.1: Sectioned images of an intervertebral disc throughout the degenerative cycle [218] 
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Figure 7.2: A) Proteoglycan, B) collagen, and C) elastin content in the intervertebral disc with age [204, 214, 215] 
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Figure 7.3: Molecular models of A) the backbone of collagen and elastin proteins and B) chondrotin‐4 sulfate 
 
120 
 
 
Figure 7.4: Fourier transform infrared spectra of the components collagen, elastin, and chondroitin sulfate, with the 
relevant wavenumbers pertaining to particular biomolecules 
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Figure 7.5  Relationship of relevant peak height ratios to the weight concentration of collagen for various 
component mixtures 
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Figure 7.6: Relationship of relevant peak height ratios to the weight concentration of elastin for various component 
mixtures 
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Figure 7.7: Relationship of relevant peak height ratios to the weight concentration of chondroitin sulfate for various 
component mixtures    
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Figure 7.8: Analysis of intervertebral disc tissue samples using linear relationships found for collagen, elastin, and 
chondroitin sulfate 
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Figure 7.9: Relationship of relevant peak height ratios to the weight concentration of chondroitin sulfate over the 
combination of elastin and collagen for various component mixtures 
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Figure 7.10: Analysis of intervertebral disc tissue samples using the sugar and amide II peak heights 
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Table 7.1: Summary of the various component mixtures analyzed 
Group COL ELA CS % 
COL
% 
ELA 
% 
CS 
CS/(COL+ 
ELA) 
Single 
Component 
1 0 0 100 0 0 0 
0 1 0 0 100 0 0 
0 0 1 0 0 100 -- 
2 Component 1 1 0 50 50 0 0 
1 0 1 50 0 50 1 
0 1 1 0 50 50 1 
2 Component 
Double 1 
2 1 0 66.7 33.3 0 0 
2 0 1 66.7 0 33 0.5 
1 2 0 33.3 66.7 0 0 
0 2 1 0 66.7 33 0.5 
1 0 2 33.3 0 67 2 
0 1 2 0 33.3 67 2 
3 Component 
Double 1 
1 1 1 33.3 33.3 33 0.5 
2 1 1 50 25 25 0.33333
1 2 1 25 50 25 0.33333
1 1 2 25 25 50 1 
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Table 7.2: Distinguishing peaks of the individual components of collagen (COL), elastin (ELA), and chondroitin 
sulfate (CS) 
Distinguishing Peaks Individual Components Distinguishing Peaks PG and Protein 
COL  Amide III  Shoulder at 1205 Protein Amide II  Region 
1600‐1485 
ELA  CH2 CH3 
Deformation  
Peak Ratio at 1451 and 
1387 
CS  Sulfate Ester  Peak at 856 PG Sugar  Region 
1100‐1000 
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Table 7.3: Analysis of proteoglycan to collagen ration in intervertebral disc tissue 
Age Grade Region Sugar / Amide II PHR Predicted PG/Protein Ratio
15 1 AF 0.724 1.44 
15 1 NP 0.899 1.96 
58 3 AF 0.644 1.20 
58 3 NP 0.722 1.43 
70 5 AF 0.594 1.04 
70 5 NP 0.511 0.80 
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8. Restoration of Proteoglycan to the Nucleus Pulposus of the Intervertebral Disc: A 
Finite Element Study 
 
8.1 Introduction 
The intervertebral disc is the largest avascular tissue in the human body and is 
mainly comprised of three different tissues [25].  The central core, the nucleus pulposus, 
is surrounded by the outer annulus fibrosus and the upper and lower cartilaginous 
endplates.  Lower back pain was reported in more than 80% of the cases exhibiting 
degeneration of lumbar intervertebral discs [200].  With aging, the proteoglycan and 
water content in the central nucleus reduces significantly, causing abnormal loading to 
the outer annulus [11, 25, 199-205].  In a dehydrated disc, the function of the nucleus, 
namely load transfer to the annulus through creation of an intradiscal pressure, is no 
longer occurring at a normal level.  The mechanics of the degenerated disc are clearly 
altered compared to those of the intact disc [201, 206, 207]. 
 
8.2 Methods 
An axisymmetric, poroelastic model was created using ABAQUS v6.5 finite 
element software (SIMULIA, Providence, RI).  The model consists of a nucleus 
pulposus, an annulus fibrosus, cartilaginous and bony portions of the adjacent endplates, 
and cancellous and cortical portions of the corresponding vertebrae.  The standard 
poroelastic theory included in ABAQUS is utilized, but a user-defined material was 
incorporated to include the effects of osmotic swelling [92, 94, 100].  The model 
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response was validated against experimental results such as axial displacement, radial 
displacement of the outer annulus fibrosus, and total fluid lost [149, 151-156, 176, 178-
180].  Details of the creation of the model are described previously (Chapter 5. Effect of 
Aging and Degeneration on the Human Intervertebral Disc during the Diurnal Cycle: A 
Finite Element Study).   
Nucleus pulposus and annulus fibrosus tissue changes throughout the 
degenerative cascade.   The material properties used include those to describe the solid 
portion, elastic modulus and Poisson’s ratio; the fluid portion, void ratio and 
permeability; as well as the fixed charge density.  Fixed charge density profiles were 
linearly interpolated from those of Urban, et. al, as shown in Figure 8.1.  For each grade, 
material properties were altered to simulate degeneration of the intervertebral disc, 
according to Table 8.1 (as explained in detail in Chapter 5. Effect of Aging and 
Degeneration on the Human Intervertebral Disc during the Diurnal Cycle: A Finite 
Element Study).  Most notably, degradation of the nucleus pulposus is believed to begin 
the degenerative process (which then causes the annulus fibrosus to degenerate, etc.), and 
therefore only the nucleus and not the annulus changes material properties from Grade 1 
to Grade 2. 
One proposed course of action for a degenerated disc is the replacement of the 
chondroitin sulfate lost from the disc as degeneration occurs.  In order to simulate this, 
the various grades of degeneration were modeled using the material properties shown in 
Table 8.1, with the exception of the fixed charge density profile, which was held constant 
at a Grade 1 level.   
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8.3 Results 
Figure 8.2 shows the stress profiles of varying grades of unaltered nucleus 
pulposus on the left side, and the equivalent grades with adjusted fixed charge density 
profiles on the right.  For the unaltered conditions, Grades 2 and 4 have similar profiles, 
with a decrease in stress towards the outer nucleus seen in Grade 3.  This is a result of the 
material properties assigned to each degenerative grade, as the annulus properties remain 
the same from Grade 1 to Grade 2 while the nucleus properties change.  As the annulus 
stiffens in Grade 3, it accepts some of the additional stress from the nucleus. 
Improving the fixed charge density profile decreases the stresses seen in the 
nucleus compared to the unaltered version, at each level.  Grade 3 is nearly the same 
stress profile as the unaltered Grade 1, and by Grades 4 and 5, there is no discernible 
difference from a healthy Grade 1 condition. 
Figure 8.3 shows the same relationships for the annulus fibrosus as those seen in 
Figure 8.2 for the nucleus pulposus.  The addition of chondroitin sulfate to an otherwise 
degenerated disc decreases the stress in the annulus approximately one grade (e.g. Grade 
2 with chondroitin sulfate has a similar stress profile to the unaltered Grade 1, etc.), with 
the exception of Grade 5, which is nearly identical to the unaltered Grade 3, decreasing 
the stress by 2 grades.   
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8.4 Discussion 
When applying the Grade 1 fixed charge density profile to the degenerated discs 
of Grades 2 through 5, the stress experienced by the nucleus pulposus decreases 
dramatically, as shown in Figure 8.2.  Grades 3 through 5 are each practically returned to 
the stress profile seen in the unaltered Grade 1, and Grade 2 shows a substantial decrease 
from the unaltered Grade 2.   Reductions in the stress carried by the nucleus pulposus 
tissue would likely slow down and perhaps stop completely the degenerative process in 
the nucleus.  The greatest differences between the unaltered nucleus pulposus and that 
with chondroitin sulfate added occur at Grades 4 and 5, implying that all levels of 
degeneration can benefit from this method of intervention. 
A similar relationship exists for the annulus fibrosus as seen in Figure 8.3, 
although not as steep of a drop in stress as seen in the nucleus pulposus.  However, even a 
one-grade decrease in the stresses experienced by the annulus is a substantial 
improvement. 
 
8.5 Conclusions 
Reverting the fixed charge density profile to its original “healthy” state decreases 
the stress experienced by the annulus fibrosus and drastically changes the stress on the 
nucleus pulposus, even though the other material properties are all still in a degenerated 
condition.  These effects will lessen the need for the nucleus pulposus and annulus 
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fibrosus to remodel to accommodate the new stresses experienced during degeneration, 
hence limiting the advancement of further degeneration.   
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Figure 8.1: Fixed charge density profiles for a 26 year old healthy disc (Grade 1), a 74 year old degenerated disc 
(Grade 5), and the interpolated fixed charge density profiles for Grades 2‐4 [175] 
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Figure 8.2: Comparison of the stress profiles for the unaltered nucleus pulposus (left column) and after the 
restoration of the chondroitin sulfate profile (right column) 
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Figure 8.3: Comparison of the stress profiles for the unaltered annulus fibrosus (left column) and after the 
restoration of the chondroitin sulfate profile (right column) 
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Table 8.1: Finite element model material properties for Thompson degenerative grades 1‐5 
Grade 1 Grade 2 Grade 3 Grade 4  Grade 5
Nucleus 
Pulposus 
E [MPa]  0.75 0.88 1.01 1.14  1.28
ν 0.17
e  4.00
k [m^4/(N s)] 1.00E‐15 1.10E‐15 1.2‐15 1.30E‐15  1.40E‐15
FCD Profile 1 2 3 4  5 
Annulus 
Fibrosus 
E [MPa]  1.50 2.00 2.50  3.00
ν 0.17
e  2.33
k [m^4/(N s)] 2.0 E‐16
FCD Profile 1 2 3 4  5 
Annulus Fibers 
E [MPa]  100.00
ν 0.10
Area [mm^2] 0.03
Cartilaginous 
Endplate 
E [MPa]  5.00
ν 0.17
e  4.00
k [m^4/(N s)] 1.43E‐13
FCD [M]  2.00E‐01
Bony Endplate 
E [MPa]  10000.00
ν 0.30
e  0.05
k [m^4/(N s)] 1.00E‐15 8.22E‐16 6.43E‐16 4.65E‐16  2.86E‐16
FCD [M]  1.50E‐01
Cortical Bone 
E [MPa]  10000.00
ν 0.30
e  0.05
k [m^4/(N s)] 7.00E‐17
FCD [M]  1.50E‐01
Trabecular Bone 
E [MPa]  100.00
ν 0.20
e  1.00
k [m^4/(N s)] 2.00E‐07
FCD [M]  1.50E‐01
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9. Conclusions 
 
9.1 Summary 
The goal of this study was to apply the poroelastic theory with incorporated 
osmotic swelling, first created for the simulation of articular cartilage, to a finite element 
model of a human intervertebral disc throughout a daily loading cycle.  The incorporation 
of osmotic swelling allows for analysis of the effect of hydrophilic proteoglycans on the 
mechanics of the disc.  The model was validated against experimental studies of axial 
displacement, radial bulge, and volume of fluid lost from literature.   
This study validates the use of a user-defined material (UMAT) to include the 
effects of fixed charge density on the standard biphasic theory found in ABAQUS finite 
element software to accurately model the disc.  A detailed study of every aspect of the 
model was performed to determine its sensitivity to each parameter.   
Although the osmo-poroelastic finite element model created for this study is 
advanced in many ways, there are some limitations that must be outlined.  The 
intervertebral disc undergoes complex loading modes during routine daily activities, 
including flexion-extension, torsion, and bending, often multiple combinations 
simultaneously.  However, this study limits the discussed loading conditions to 
compression only.  Compression is the primary and most important loading mode, but 
these other modes warrant attention as well.  The annulus fibrosus is the most complex of 
the tissues that make up the anterior column unit, but its description here, as an isotropic, 
biphasic material with rebar-type fibers dispersed throughout, could be a major limitation 
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to the accuracy of the model, especially in the future as more complex loading modes are 
studied.  In addition, studies have shown that intervertebral discs, and the annulus in 
particular, contain localized material properties at various points.   
Degeneration severely affects the mechanical responses of the intervertebral disc, 
as seen in literature and in these simulations.  Specifically, the progression of the stress 
states throughout degeneration offers some insight on the degenerative cascade—higher 
stresses are seen in the nucleus first, which then forces the annulus to remodel 
accordingly to compensate, and the cycle continues. 
A hydrogel nucleus pulposus replacement results in major decreases in the stress 
experienced by the annulus fibrosus, potentially slowing down or halting the degenerative 
process.  Although early intervention seems to be most beneficial due to the decrease of 
stress in the annulus, this study shows no distinct advantage to denucleation and 
implantation of a hydrogel nucleus pulposus replacement at any particular grade.   
Reverting the fixed charge density profile to its original “healthy” state decreases 
the stress experienced by the annulus fibrosus and drastically changes the stress on the 
nucleus pulposus, even considering the other material properties are all still in a 
degenerated condition.  These effects will lessen the need for the nucleus pulposus and 
annulus fibrosus to remodel to accommodate the new stresses experienced during 
degeneration, hence limiting the advancement of further degeneration.   
The overall results of the FTIR study suggest it as a dependable method for 
quantifying disc degeneration.  The amounts of each of the primary components, 
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collagen, elastin, and proteoglycan, when compared to each other, can lead to a diagnosis 
of the state of the disc’s health.  A more in-depth analysis would provide further details 
which could be included in the finite element model to develop a more accurate 
numerical simulation of the effects of a loss of proteoglycans on the mechanics of the 
intervertebral disc. 
 
9.2 Novel Contributions 
• Application of the osmo-poroelastic model to the smallest functional unit of the 
spine, the anterior column unit, including the intervertebral disc and 
corresponding vertebrae 
• Analysis of the creep behavior of the intervertebral disc throughout the diurnal 
loading cycle using this technique, and validating its benefit versus the standard 
poroelastic theory 
• Study of the full degenerative cascade from grade 1 through grade 5, including the 
loss of proteoglycans with age and degeneration via the osmo-poroelastic theory, 
which provided stress relationships between the various grades of degeneration 
• Modeling the effects of denucleation and implantation of a polymeric hydrogel 
nucleus replacement on the disc’s mechanical response using the osmo-
poroelastic model 
• Simulation of the restoration of the osmotic swelling behavior to a degenerated 
disc by replenishing the fixed charge density profile to a healthy state, 
demonstrating potential for an intervention technique to curb degeneration 
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• First study of intervertebral disc tissue using Fourier transform infrared 
spectroscopy to analyze the biomolecular effects of disc degeneration 
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10. Future Work and Recommendations 
 
As discussed previously, the finite element model created for this study has several 
limitations which should be addressed in order to further advance towards an accurate 
model of the intervertebral disc. 
• The anisotropic nature of the annulus fibrosus must be simulated more efficiently.  
Several studies in literature offer possibilities for improvement of the description 
of the annulus, by either the inclusion of fibers better representative of the 
physiological condition, or by treatment of the annulus as an orthotropic material. 
• The axisymmetric assumption, although valid for a compression-only study, must 
be addressed in future versions of this model.  Therefore, the model should be 
improved to a three-dimensional model, and eventually to a geometrically-
accurate one using that results from a CT scan. 
• Complex loading conditions must be tested in order to gather a better 
understanding of the disc’s response to daily physiological loads.  Although 
compression is the primary loading condition, it is the other loading modes that 
have been shown to result in injury. 
• The UMAT used in this study allows for full control of each node in the 
simulation, and therefore the assumption that there are 2 distinct tissues, the 
nucleus pulposus and the annulus fibrosus, can be improved by modeling the 
tissue as one material with gradually-changing material properties from outer 
annulus to inner nucleus. 
144 
 
The FTIR study has shown some promise, but more studies must be performed to 
work towards the usage of this technique for grading intervertebral disc degeneration. 
• More tissue samples must be analyzed to validate our technique for quantifying 
the amount of collagen, elastin, and proteoglycan in the specimen. 
• These results should be compared with those of other biochemical analysis 
techniques, including biochemical assays and NMR. 
• Regional mapping should be performed on a section of tissue that contains both 
nucleus and annulus, and the ability to differentiate between these tissues must be 
proven. 
• FTIR probing is a relatively new technique, and may allow for in-vivo diagnosis 
of the degenerative state of the disc.  
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